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PREFACE TO PART II 

Development consists of growth and differentiation, accom- 
panied in the larger organisms by nuclear- and cell-division. 
The present Part deals with growth. 

The importanee of the 8tudy of growth cannot be over- 
estimated, and it is a canse for wonder that the treatment of 
the subject has been so much negleeted by text-book8. Indeed, 
it is a surprising fact that it has not been thoroughly and 8ys- 
tematieally investigated. For, in last analysis, the maintenanee 
of the human race depends upon that property whieh protoplasm 
among ali substances alone di8plays of inereasing itself for an 
indefinite tirne and to an indefinite amount. And the possibil- 
ity of inereasing the human race beyond limit« that are not 
far oflE depends upon a better knowledge of the conditions of 
growth. The reader has only to consider that the world'8 
supply of 2500 million bushels of wheat, 2000 million bushels 
of maize, 90 million tons of potatoes, and its untold millions 
of tons of beef, pork, and fish are reprodueed each year by 
growth. The mineral matters of the soil are being washed out 
into the sea and are largely lost, but the capacity of growth 
under appropriate conditions is never lost ; it redoubles as the 
amount of the growing substance is increased. The only thing, 
then, which limits growth is the limitations in the conditions 
of growth. What are these conditions? This is the important 
question to which attention has been directed in this Part. 

Aside from this practical interest, the study of growth is 

important as bearing on the question of the dependence of vital 

activities, and especially development, upon external conditions, 
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x6 PREFACE 

and the possibility of the control of development by appropri- 

ately altering those conditions. Growth phenomena 8how them- 

selves, indeed, particularly susceptible to this control, and are 

con8equently especially valuable for experimental 8tudy. 

In the preparation of the Second Part, I have been put again 

under heavy obligations to my friend and coUeague, Dr. G. H. 

Parker, who has read most of the manuseript and made 

important suggestions. I am also indebted to Dr. H. E. Saw- 

YER for reading Chapter XI in the manuseript, and to my wife 

for much painstaking work on the manuseript and proofs and 

for compiling the index. 

C. B. D. 

Cambrii>gb, Mass., Dec. 11, 1896. 
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CHAPTER X 

INTRODUCTION: ON NORMAL GROJVTH 

Organic growth is increase in volume.* It is not develop- 
ment; it is not differentiation ; it is not increase in mass, 
although the latter may often serve as a convenient measure 
of growth. 

In analyzing the processes of growth in organisms we must 
recognize at the outset that organisms are composed of living 
matter and formed substance, and that growth may therefore 
result from the increase in volume of either of these. The 
living matter, in turn, is composed of two principal substances : 
the plasma and the enchylema or celi sap ; so growth may be 
due to the increase of either of these substances, — may result 
€ither from assimilation, or more strictly from the excess of 

*Growth has been variously defined. Tlius Huxlbt has called gTOwth 
^* increase in size/* which is essentiallj the same as my detinition. Sachs (*87, 
p. 404) defines growth as an increase in volume intimately bound up with 
change of form (**eine mit Gestaltveranderung innig verknilpfte Volumen- 
zunahme*^) ; and he illustrates the detinition by the exaniple of the growth of 
a sprout from its beginning to its full development. In this čase two phenom- 
ena are distin^ishable : Arst, increase in volume, and, second, the Alling out of 
the details of form. Ah Sachs savs, these phenomena taken together are gen- 
erally denominated ** development *^ ; and it seems decidedly advantageous to 
retaiu this word with its usual signiflcation, and to distinguish the two compo- 
nent processes by the terms growth and differentiation. 

rFEFKKR^s ('81, p. 40) definition differs stili more widely from the one pro- 
posed above. He delines growth as change in form in the protoplasmic body 
('*die gvstaltliche Aendenmg im Protopla^makorper**) ; and he goes on to say 
tliat increments of volume and mass are not proper criteria of growth. Pfeffer 
illustrates this statement by the foIlowin^ example : A plant stem or a celi meiu- 
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the constructive over the excretory processes of the plasma, or 
from the taking in of water.* 

Of the three factors involved in growth — increase of formed 
substance, of plasma, and of enchjrlema — the part plajred by the 
last seems to me to have been underestimated. Plant physiol- 
ogists have been in the best position to acquire the facts. 

brane can be permanently elongated by extensidn beyond the limits of elasticitj 
without the vohime necessarilj increasing ; — and he apparently means to 
include such an artificial deformation in his definition of growth. ** And,^^ he 
continues, *' iinder certain circumstances a diminution of volume of a plant seg- 
ment can indeed occur as a result of growth, when, for example, the elasticity 
of the wall is increased by growth and water is pressed from the celi until equi- 
librium is restored." It may be doubted, however, if Pfeffer would 8ay that 
in this čase the celi, as a whole, had gTown ; but if he would, then his definition 
is a wide departure from ordinary usage. 

Also, ViNES ('80, p. 291) offers a definition, which is intermediate between 
thatof Sachs and that of Pfeffer. **Bygrowth," he says, **wemeanper- 
manent change of form, accompanied usually by increase in bulk.'* But then 
he goes on to say, ** Nor does this increase even of the organized structures of 
an organ, that is of the protoplasm and the celi wall, necessarily imply that it is 
growing. Thus, an increase of the celi wall may take plače without any appre- 
ciable enlargement of the celi, as, for instance, when a celi wall thickens.*' 
But since the thickening is a ** permanent change of form,** it should be consid- 
ered by the author a growth process were not increase in size of the celi after 
ali, in the author*s mind, the most important criterion of its growth. Finally^ 
Frank (*92, p. 355) finds no other criterion for growth than an increase in vol- 
ume (dependent, howeyer, upon the increase of a particular substance). Thus, 
with these different plant physiologists, ^e see the word growth bcaring the 
ideas of increase of volume and differentiation, then of difEerentiation alone^ 
and, finally, of increase of volume alone. 

♦Various analyses of the process of growth have been made by different 
authors. Let us look at a few of these opinions. Says Hcxley ('77, p. 2), 
** growth is the result of a process of molecular intussusception." According to 
N. J. C. MOllkr ('80, p. 100), ** ali phenomena of growth depend, in last analy- 
sis, upon this, that the molecule of the solid substance is introduced into the 
region of growth." Frank ('92, p. 355) understands by growth that increase 
of volume which consists of the apposition or intussusception of new solid mole- 
cules of similar matter (**welche auf der An- oder Einlagerung neuer fester 
Molekule gleichartigen Stoffes beruhen "). According to Verworn ('95, p. 475), 
growth is due to the excess of assimilation over disassimilation. These defi- 
nitions include what I regard as only half the process of growth. 

On the other hand, Driesch ('94, p. 37) distinguishes two kinds of celi 
growth: (1) passive growth, due to imbibition of water, and (2) active growth, 
resulting from assimilation. This classification agrees with the one I have pro- 
posed, but I think the term passive growth very inapt, since the imbibition of 
water is as truly an active process as any other vital activity. 
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They have recognized in the tip of the plant three growtl» 
regioDs. At the extreme tip of the stem (or radicle) is the 
region of rapid celi division but comparatively 8low growth ; 

next below is the 

zone exhibitiDg the 
Grand Period of 
growth ; and stili 
helow is the zone of 
histological differ- 
entiation (Fig. 75). 
In the first zone 
growth of plasma 
is occurring ; in the 

originali? 1 mm. long. and takeo ln.mBdlaWly behind ^^f°^°^ 2«°« grOWtll 
the vegetatlon polnt of a radicle of PtuuMlas. It 01 the ench^lema is 




in the third zone 

there is growth of 

formed substance. The immense preponderance of the groirth 

of the second period (at 7 days) is an index to the preponderat- 

ing influence in growth of the iinbibition of water. 




Fia. 76. — Curre repT«MDlltig the iiiteitiUy of groirth o( toaU of Hsum tativam, 

; Vlcta aaltva. ; and Lens eaenlenta, , the time belog 

aasumed to be rnnatant. The lenicth nt Ihe ab>ciu» In the dlreclion trom lett to 
right porteapoDds lo the diitanee, in mi 11 Imet« rs, of the marked space« on the root 
trom (he rool apei. Thg ordlnales correspond t« the amount of groirth. in mtlll- 
meten.ot thecorreipoDdlngpleee of Iha root atter 20 honra. From CiEauLaKl (7!.) 

That which occurs vith one and the same piece of the stem 
on sticcessive days takes plače simultaneously at the different 
zones of the growing organ. Thus in the radicle (Fig. 76) 
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we find during a period of 20 hours little growth occurring at 
the root tip, a maximum of growth at 3 or 4 millimeters from 
the tip, and further up less growth, until a zone of almost no 
growth is reached. 

An analysis of the substance of the stem at different levels 
below the tip reveals the same thing — a sudden increase in the 

amount of water 
from 73% at the 
tip to 88% at the 
first internode (II), 
reaching a maxi- 
mum at 93% in the 
second internode 
(III), then falling 
slightly (92.7) to 

Fio. 77. — Curve 8howing the percentage of wat6r in suc- f^^ fif th internode 

cessive internodes of hothouse planta of Heterocen- ^^jj ^. rr^vv rr\^ 

tron roseum Hook. et Arm., about 4 decimeters high. C V 1, r Ig. 77). i ne 

The ordinates indicate the percentage of water at experiinents and ob- 
each internode from the terminal bad (I) to the fifth . . 

(VI). (From Kbaus, 79.) servations upon 

which these conclu- 
sions rest thus agree in assigning the ehief role to water in the 
growth of plants. 

While the fact that water constitutes a large proportion of 
the growing animal was made known by the classical researches 
of Baudrimont and Martin Saint-Ange ('61), the impor- 
tance of the part which it plajs in the growth of animals seems 
first to have been appreciated by Loeb ('92, p. 42), who 
8howed how in the withdrawal of water by plasmolytic meth- 
ods growth was interfered with. Later I made a series of 
determinations of the relative part played by water and dry 
substance in the growth of an animal (tadpole). Eggs and 
embryos at various ages were weighed after removal of super- 
ficial water. Then they were kept in a desiccator from which 
air had been pumped and which contained a layer of sulphuric 
acid to absorb moisture. After repeated weighings a condition 
was fonnd in which the drying mass lost no more water (con- 
stant weight). The total diminution in weight indicated the 
mass or volume of free water contained in the organism at the 
beginning of the experiment. Numerous weighings were 
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made during two seasons upon Ambly8toma, toads, and froga. 
Ali aeries shovred tbe same thing ; the most complete series ia 
that giveD in tbe follovring table : — 



TABLE TT Tn 
Bnbhtoi of Fboob. ieS6* 



Daii. 


11»TCK11C0, 


W.™m, IK Ma- 


Wiien or Dbt 

Suunii<3, 
nUo. 


WiT» a tle. 


%or 
Waiu. 


bU; Z 


1 


1.83 


.60 


l.OS 


66 


" 3 


2 


2.00 


.83 


1.17 


69 


" 


S 


3.43 


■BO 


2.63 


77 


" 8 


T 


5.05 


.64 


4.61 


89 


" 10 


9 


10.40 


.72 


9.68 


93 


" 15 


14 


23.52 


1.16 


22.3a 


06 


JuDelO 


41 


101.0 


9.9 


91.1 


90 


July 23 


84 


1089.9 


247.9 


1742.0 


88 



These results are grapbically represented in Fig. 78. Tbe 
curre and table sliow tbat, exactly as in plants, there is a 



toK *- — ~'r^ — - — -_z^i;= :: =^^^^ ^^^— - 

ee% 1 



FtaTS.— Grmphlc reprraeuUitlon o( last colnmii ot Tkble, thoiring percanum o' 
trftter In (rog embrToa Irom 1 to B4 dija kftcr lutcbiDg. Compam wlUi Flf . 77. 

period of 8low growtb accompanied by abundant celi division 
— the earliest stages of the egg. Then follow8, after the first 

* Compare wlth the leu complete Uble of Baudmiiiokt uid Martu Sairt- 
Ahos, '51, p. 631. 
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few hours, a period of rapid growth due almost exclusively to 
imbibed water, during which the percentage of water rises 
f rom 56 to 96 ; lastljr con^es the period of histological differen- 
tiation and deposition of formed substance, during which the 
amount of dry substance increases enormously, so that the per- 
centage of water f alls to 88 and below. But the grotvth is due 
chiefly to imbibed water. 

The foregoing facts thus unite in sustaining the conclusion 
that at the period of most rapid growth of organisms growth 
is efPected by water more than by assimilation. 

In later development the proportion of water slowly falls. 
This f act is well brought out in the f ollowing tables : — 

TABLE XXin 

Showino the Febcektaoe of Wat£r IX Chick Embrtos at Vabious Staobs 

UP TO Hatchikg, from Potts, '79 





IIouBs or Bkoodino. 


Absolute WBiaBT nr Obam. 


% Watbb. 


48 


0.06 


83 


64 


0.20 


90 


58 


0.33 


88 


91 


1.20 


83 


96 


1.30 


68 


124 


2.03 


69 


264 


6.72 


59 



TABLE XXIV 

Showing the Percentage of Water in the Human Embrto at Vabious 

Stages up to Birth, from Feuling, '77 



AOB IX WBBK8. 


Absolute Weioiit in Geam. 


% Wateb. 


6 


0.975 


97.5 


17 


36.5 


91.8 


22 


100.0 


92.0 


24 


242.0 


89.9 


26 


569.0 


86.4 


30 


924.0 


83.7 


35 


928.0 


82.0 


39 


1640.0 


74.2 
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These results indicate that during later development growth 
is largelj effected by excessive assimilation or by storing up 
formed substance. 

From another standpoint we can recognize two kinds of 
growth : one a transitory growth, af ter which the enlarged 
organ may return again to its former size, and the other a per- 
manent or developmental growth, whieh is a persisting enlarge- 
ment, and plays an important part in development. As an 
example of transitory growth may be cited the čase of the Sen- 
sitive Plant, whose leaflets when touched turn upwards as a 
result of the growth of cells on the convex side ; but this 
enlargement is only temporary — it is transitory gr()wth. 
This phenomenon is indeed usually not included in the idea of 
growth ; yet it is well-nigh impossible to draw a sharp line of 
distinction between it and permanent growth. For example, 
when a tendril of the Passion Flower is touched it may curve 
as a result of growth of the cells on the convex side, and this 
curvature may later become obliterated, as in the čase of the 
Sensitive Plant ; but the longer the contact is continued the 
more the cells enlarge, and the more their walls become perma- 
nently modified. Thus the condition of temporary growth 
shades insensibly into that of permanent growth. So far as 
possible we shall consider in this book only developmental 
growth. 

Stili another classification may be made of the phenomena of 
growth. We may distinguish between diflfused and localized 
growth. In diffused growth the entire individual or many of 
its parts are involved. In localized growth the process is con- 
fined to a limited region. Thus in the early development of 
the frog diffused growth occurs, while in the formation of the 
appendages we have an example of localized growth. Since 
localized growth is an important factor in differentiation, many 
of the data concerning this phenomenon will be first considered 
in the Part dealing with Diflferentiation. 

Normal growth may or may not be accompanied by cell-divi- 
sion. But U8ually cell-division occurs sooner or later in the 
growing mass. The act of cell-division seems to retard the 
process of growth. This conclusion follows from some experi- 
ments of Ward ('95, p. 300) on tlie growth of bacteria, which 
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are summarized in the curve, Fig. 79. Thia 8howB how the 
growth in length of the bacterial rods is delayed at intervala 
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Fio. T9. — Curve of gTowth ot a bit o( k fllameot ol BaclUiu rarnoans. 2T.30 M loDg at 
the beglonlng and T0.H8 fi at ths end ot the period ol observatlon. The eorve 
■hoira certain perioda ot dimlnlabed grovth (Indlcated by the arroira below the 
citfve), vhlch coTreapood ta cell-divislon. From AVard ('US, p. 300). 



by the nuclear divisions and the 
transverse septa.* 




The course of 
normal growth may 
iio\r be studied in 



'Attention tuaj hera 
be called to a phenomeooD 
nbicb bas repeated)^ 
been observed when a 
sJDgle Krowing iiiMnmal 
has beeo freighed at 
regular intervala. Tbla la 
a sort ol a]t«mation of 
periodHof unuBuallfrapid 
growth «ith perioda of 
dimlniahed groirth, the 
interval being a day or 
two. There is an iiregu- 
larity In the length ol 



Fio.eO.-Carveof leDgthofBhellof Ljmn»»Bta(taa1U "»eseperioda. SeeSAiHT- 
at interni« from hatcbtnj{ np to 89 daja. From l^ve, '03 ; compare alao 
ScKriR, Aoimal lite, p. 163. MmoT, '01, Table SIV. 
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the čase of certain selected, typical organisms. This may be most 
quickly done by the use of curves whose abscissse represent 
tirne intervals and whose ordinates represent size or weight. 
Figures 80, 81, and 82 are such curves. In ali cases excepting 
that of guinea pig (in wliicli the curve represents the growth 
of only a comparatively late developmental period, namely, 
from birth onward) the curves exhibit one characteristic shape. 

The absolute increments are not, however, shown directly by 
these curves. To obtain them one must transform the curves 
into others in which the 
suecessive ordinates shall 
represent the absolute incre- 
ment of weight over the 
last preceding. Under these 
circumstances the absolute 
increments rapidly reach a 
maximum from which they 
decline to zero.* 

Why does the growth de- 
cline to zero ? The theorj- 
has been suggestedf that 
there is a '* certain impulse 
given at the time of im- 
pregnation which gradually 
fades out, so that from 
the beginning of the new 
growth there occurs a 
diminution in the rate of 
growth." The facts of 
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Fio. 81.— The continaous lina (a) repreients 
the weight8 in fractions of a kilofcramme 
attained by guinea pigi from birth ontil 
12 months old. The broken line (6) refH 
resents the daily percentage increments 
(% *% at the right) of the same guinea pigs 
up to 7 monthe. After Mikot (Mfl). 



*Another method of representing curves of growth has been proposed by 
Profe88or Minot (*91, p. 148), wbo argues that for a given period the rate of 
growth should be eipreseed as the fraction of weight added during that period ; 
for, he say8, ** the increase in weight depends on two factors : first, upon the 
amount of body substance, or, in other word8, of growing material present at a 
given time ; second, upon the rapidity with which that amount increases itself.** 
Such a curve of percentage daily increments is given for the guinea pig in Fig. 
81. Since, however, the greater part of the ** body substance " at its period of 
greatest growth is not ** growing material,*' as assumed, but vrater, the peculiar 
value of the curve of percentage increments is doubtful. 

t By Minot, *91, p. 161. 
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growth in the tip of the plant do not, however, support thiis 
theorj, for the protoplasm at this point may go on growing 

for centuries, as we see in the 
čase of trees. Some of the 
protoplasm at the tip is, how- 
ever, constantly falling back 
to form part of the stalk : 
this part soon ceases to grow, 
undergoing histological dif- 
ferentiation. The reason 
why the animal ceases at 
length to grow is the same 
as the reason why the diflfer- 
entiated tissue below the tip 
of the epicotyl ceases to grow 
— not because there is a nec- 
essary limit to growth force 
at a certain distance from 
impregnation, but because it 
is in the nature of the species 
that the individual should 
cease to grow at this point. 
The indefinite growth of this part, the limited growth of that, 
are as much group characters as any structural quality. 

To recapitulate briefly : Growth is increase in size, and may 
result from increment of either the formed substance through 
secretion, the plasma through assimilation, or the enchylema 
through imbibition. This increment may be either tran8itory 
or permanent ; the latter class chiefly concerns us here. 
Growth may be either diflfused throughout the entire organism, 
or local, forming a factor of diflferentiation. In normal growth 
the increase is at first slow, then rapidly increases to a maxi- 
mum, and, finally, in most animals, diminishes to zero. This 
final cessation is a special quality of certain organisms, to be 
explained like structural qualities, on special grounds. 



PiQ. 82. — Curves of |2n^wth of Phaseolus 
multiilorus (continuons line) and Vicia 
faba (broken line). The ordinates rep- 
resent actual lengths attained on the 
respective dajrs by a bit of stem origi- 
nally 1 mm. long. After Sachs, Lect- 
ores on Plant Phy8iology. 
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Fro. S3. — CuTrs ot groirth ot mfui. Tbe ordinaus repreBant welgbt in kllofcr>iiim«s. 
Th« prcDktal part of tb« carve ti congtniFted [rom tbe dnta of Prhliko (TT) ; 
tbe postDital p«rt trom Quetklrt (~1) for Ihe msle. The cntre ot tbe fint 
twelre moatlu o( postnatat IKe la adapted from Oai.tox ('(M). 
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CHAPTER XI 

EFFECT OF CHEMICAL AGENTS UPON GROJVTH 

We shall consider this subject under two heads : (1) Effect 
upon the rate of growth, and (2) Effect upon the direction of 
growth. 

§ 1. Effect op Chemical Agekts upon the Rate op 

Growth 

Organic growth, occurring in a material composed of water, 
plasma, and formed substance, consists in the increment of esich 
of these components. The means and results of yarying the 
quantity of water in the organism will be discussed in the next 
ohapter ; here we are to consider the results of assimilation, 
including the production of formed substance. The scope of 
our work may be more preciselj defined as the an8wer to the 
question, What role do the various chemical substances (exclud- 
ing water) play in the metabolic changes involved in growth ? 

There are two roles played by chemical substances in the 
body ; and, accordingly, we may distinguish two kinds of 
chemical agents having diverse effects upon growth. These 
agents — f oods, in the widest sense of the word — must supply 
the material — the atoms — from which the molecules of the 
plasma, or of its formed substance, are made up ; and, sec* 
ondly, they must supply energy for metabolism. Foods, then, 
yield to the organisms matter and motion ; they are hylogenic 
(plastic) and thermogenic (re8piratory). 

These two offices of chemical agents in growth are only in 
certain cases exerted by distinct kinds of food. In the čase of 
animals, sodium chloride and iron compounds are examples of 
wholly plastic foods, while the free oxygen taken into the body 
is chiefly thermogenic. In the čase of the free oxygen, how- 
ever, it is quite probable that it is sometimes used in the con- 
struction of the molecule of active albumen which, according 

293 
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to LoEW, constitutes the essential living substance. For exam- 
ple, oxygen performs this oflSce in LoEw's ('96, p. 39) hypoth- 
esis of the formation of albnmen in plants from the nitroge- 
nous products whieh result from the aetion of an enzyme upon 
the reserve proteids, i.e. leucine. Thus 

leacine fonnaldehyd 

CeHijNO, + 7 O = 2 CO, + H,0 + 4 CH,0 + NH,. 

formaldehyd ks[)aragin 

4 CH,0 + 2 NH8+ Oj = C4H3NA+ 3 H^O. 

Now since, as LoEW makes probable, asparagin is a stage in 
the production of albnmen, the free oxygen molecule may be 
essential to the synthesis of the living substance. 

The facts indicate that the plastic and thermogenic f unctions 
of foods are inextricably intermingled — that both are exhib- 
ited in the mutations of the living substance as well as in the 
respiratory processes. Thus, on the one hand, assimilation is 
accompanied not only by endothermic (energy-storing) but 
also by exothermic (energy-releasing) processes ; while, on the 
other hand, the partial oxidation of the food proteids may be 
a necessary step towards assimilation. It is because the net 
result is the storing or the release of energy that we may speak 
of any complex of processes as enthodermic or exothermic, and 
certain foods as plastic or thermogenic. 

The source of energy in organisms is not, however, 8olely 
food. Energy may likewise be derived directly from energy 
in the environment. This source is of greatest importance in 
the čase ii chlorophyllaceous organisms, but it is probably not 
of importance for them alone. For the heat and.light of the 
environment aid, as we have seen (pp. 166-171, 222-225), 
various metabolic processes in aH kinds of protoplasm. 

1. The Materials of which Organisms are Composed. — To 
determine the sorts of materials which plastic food must supply 
to the body, it will be instructive to consider the proportional 
composition of the body out of water and dry substance, both 
organic and inorganic. Such data, gathered from various 
animals and plants, are given in the f ollowing table : — 
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Plakts 



Oats, in blosAom . 
Wheat, in blossom 
Pea vines, green . 
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16.6 


27.8 


72.2 


60.0 


0.3 


21.7 


30.0 


70.0 


81.5 


4.8 


13.7 


26.0 


74.0 



WoLrF, »66 
ii 



a. Analy8i8 of tke Entire Organism. — We are now ready to 
consider the atomic composition of the dry substance of organ- 
isms. VoLKMANN ('74) has contributed data on this subject 
in the čase of man. Thus the dry substance gives : — 



C 

52.9% 



o 
18.6% 



H 

7.7% 



N 

7.4% 



Asn 

13.4% 



In the čase of a plant (stems and leaves of dry clover) we 
have, according to Johnson : — 



C 





H 


N 


s 


P RlMAINnrO ABH 


47.4% 


37.8% 


5.0% 


2.1% 


0.12% 


0.30% 2.0% 



These two determinations, fairly tjrpical of the higher plants 
and the higher animals respectively, run nearly parallel. The 
greatest difference is shown by the nitrogen, which is more than 
three times as abundant in animals as in plants. Oxygen, on 
the other hand, is more abundant in plants. 

The ash, in turn, must be further aualyzed. The follo\ving 
table gives the percentage composition of the ash of various 
organisms : — 

TABLE XXVI 





A NIHAL. 


New-bobm Doo. 


Mkmiiaden (FI8H). 


Oat Plant. 


AUTHORITT. 


BuNOK, '89. 


CooK, '68, p. 498. 


AVKNDT (ViNM, '86, p. 129). 


CaO 

PaO« 

KaO 

Cl 

NajO 

MgO 

Fe«0, 

SiOs 

SOt 


20.5 

30.4 

. 11.4 

8.4 

10.6 

1.82 

0.72 


40.0 
35.8 
7.1 
3.1 
4.7 
3.1 

6.1 


12.1 
8.8 

45.9 
6.1 
2.32 
4.12 
0.54 

17.2 
2.86 
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It would be valuable to know the relative number of atoms 
of each of the metalloids and metals named in the preceding 
table. This may be determined in the following way : Find 
the proportion by weight of each metaliic radical (excluding 
the oxygen) in the entire ash and divide this percentage by the 
molecular weight of the metal. The varying weights of the 
elementa are thus eliminated, and a set of numbers which indi- 
cate relative abundance of atoms is obtained. We multiply 
these small fractions by 1000 for convenience. The results 
are as f ollows : — 

TABLE XXVII 







NEW-BOftN Do«. 


MSNRADSN (FUB). 


Oat pLAirr. 




Ca 


528 


715 


216 




P 


555 


506 


124 




K 


248 


151 


074 




Cl 


24 


174 


178 




Na 


848 


150 


60 




Mg 


45 


77 


114 


• 


Fe 





— . 


6 




Si 


— 


101 


287 




S 


— 


— 


86 



These examples may suffice to show how diverse is the com- 
position of different organisms and how diverse therefore must 
be their requirements in the way of food to build up the adult 
body. The examples serve also to indicate what are the 
important elements for organisms. They appear to be the 
same for animals and plants, and are : — 

♦Carbon ♦Calcium Sodium ♦Sulphur 

♦Oxygen ♦Potassium Chlorine Silicon 

♦Hydrogen ♦Phosphorus ♦Magnesium ♦Iton 
♦Nitrogen 

While this list does not pretend to exhaust the elements found 
in organisms, it contains those which are usually present. 

In the organism the atoms just named are, of course, found 
in combination. The carbon, oxygen, hydrogen, and nitrogen 
are contained in the organic matter of the organism — the 

* Those elementa which are starred (*) are eseential to ali organisms. 
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greater part of the entire dry matter. The relations of the 
remaining elements are largely obscure. Some of them form 
inorganic aeids in the body, sueh as hydrochloric and sulphuric 
acids. Others form inorganic compounds deposited in the body 
as supporting or proteetive substances, such as the ealcic phos- 
phate and ealcic carbonate of bone and spicules and the silicic 
oxide of plants. But there can be little doubt that a large and 
highly important part of these elements is built up into organic 
molecules and in this position plays a weighty and varied part 
in metabolism and grovvth. As examples of the way in which 
the metals and metalloids occur in the organic molecule I may 
cite a few cases in which the molecular structure has been deter- 
mined more or less sati8factorily. Thus we have sulphur in albu- 
men, C72H112N18SO22 ; iron in hematin, Cg^IIggN^FeOg ; phos- 
phorus in lecithin, C^Hg^NPOg, and nuclein, CjgH^gNgPgOj^* 
magnesium in chlorophyllan, and various halogens in the 
urates of sodium, calcium, and lithium. In discussing as we 
shall immediately the importance of each of these elements for 
the formation of the body we shall find additional facts con- 
cerning the importance of the metallic atoms in the organic 
molecules. There is good reason for believing that the pecul- 
iar properties of hemoglobin depend upon its iron and that 
the characteristic properties of nuclein depend largely upon its 
phosphorus and (as the later investigations indicate) its iron 
also. As our knowledge develops, the importance to many 
organic molcules in the living body of metallic or metalloid 
elements becomes clearer ; the "ash" of the body is not some- 
thing accidental, 8econdary, or superfluous, but is an essential 
part of the organ ism. 

We must now consider the source of the various elements 
necessary to nutrition. Botanists early determined that C, H, 
and O enter the organism through the carbonic acid and water 
which green plants absorb. Concerning the source of nitrogen 
there has been less certainty ; it is generally believed to come 
from nitrates in the soil, but that matter \vill be considered 
later in more detail. Another source of the more characteris- 
ticallj organic elements, C, H, N, and O, is, without doubt^ 
organic compounds of various sorts. Although it has long 
been known that insectivorous plants absorb the organic mat- 
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ters they digest, stili it is only recently that the fact that green 
plants in general can make use of organic compounds bas been 
recognized. Bokornv ('97) has lately brought together the 
evidence whieh makes this conclusion certain. It appears that 
in the presence of organic solutions some alg^e may grow for 
half a year in the absence of carbon dioxide ; and the potato 
plant may, even in the dark^ store up starch in its tubers in the 
presence of rich organic food. Nitrogen may also be gained 
from amido-bodies ; thus, Basslbr ('87) found that his maize 
cultures grew better in asparagin, 

COjII . CH(NHj) . CHa • C0(NH2), 

than in potassium nitrate. Thus plants may gain their C, H, 
O, and N from either organic or inorganic sources. 

Non-chlorophyllaceou8 organisms, on the other hand, have 
long been known to gain their « ^f 

C, H, N, and O from organic ^ i 'i*S^^ 




• 



compounds ; indeed, it has gen- P 
erally been believed that they ^ 
can gain those elements from o 
organic compounds only. Cer- 
tain observations, however, no.84.-a, Nitrosomona« europ»a(iil. 
thrOW doubt Upon the en tire trite bacteria from Ziinch); 6. Nitro- 
X r J.1 • t. 1* r xi Bomonas Javensis (nitrite bacteri* 
COrrectness of thlS belief ; these ,^„ j^^^^^ . , Nitrobacter (nitrate 

are especially the remarkable bacteriafromQuito). Magnified laoo. 

resultS ffained by WiNOGRAD- After Winograd8KY. from Fischeb, 
,,_^ _ .... , Vorlesungen iiber Bakterien, 1897. 

8KY ( 90) from nitrifymg bacte- 

ria (Fig. 84). This author found that the bacteria could 

grow in a mixture of inorganic salts free of organic matters. 

Solutions free from organic matter were prepared by the following 
means: The culture vessels were cleaned by boiling in them sulphuric 
acid and potassium permanganate. The water used in the cultures and in 
washing the vessels was twice distilled in vessels vithout joints of organic 
material — the second tirne with the addition of sulphuric acid and potassium 
permanganate. The magnesium sulphute and potassium phosphate, used as 
food, were calcined; the calcium carbonate, used in eicess, was likewise 
calcined and saturated with carbon dioxidc; finallv, the ammonium sul- 
phate was especiallv prepared (o avo'<'. organir i^jpuritiej«. ,Thp culture 
flasks were plugged with calcined amianthus, nbt >*ith cottoH.' The solu- 
tions were inoculated with a mere trace of the culture contaiuiug oitrifjing 
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organisms. The cultures were then reared either in complete darkness or 
in dim light. The precautions taken to eliminate organic matiers would 
seem to be complete; but those who know the difficulties of such experi- 
ments seem willing to admit the possibilitj <* that exceedingly minute quan- 
tities of organic nitrogen and carbon are actuallj present " (Jordan and 
RiCHARDS, '91, p. 880). On the other hand, << exceedingly minute quanti- 
ties " of organic matter could hardly account for the vigorous growth of bao- 
teria ; and, in general, a priori objections cannot be permitted to overthrow 
results gained by the use of methods which are beyond reproach. 

The organisms placed in this water, deprived of the last 
traces of organic matter, developed rapidlj, but not quite so 
rapidlj as organisms placed in natural water to which the 
necessarj salts had been added. Analysis showed that not only 
nitrates but also organic carbon compounds had been formed. 
Thus the careful experiments of Winogradsky demonstrate 
what the less critical experiments of Her^eus ('86) had 
already rendered probable, that a complete synthesis of organic 
matter may take plače through the action of living beings and 
independently of the solar rays. These noteworthy observa- 
tions, then, obliterate the last sharp line of distinction betweeii 
the nutritive processes of chlorophyllaceous and non-chloro- 
phyllaceous organisms. We may now state that the elementa 
C, H, N, and O may be gained from complex organic food 
materials by aH organisms, and from simple compounds, such 
as carbonic acids, ammonia, and water, by aH chlorophyllaceou8 
organisms, and, very probably, by certain non-chlorophylla- 
ceous ones also. 

The elements other than C, H, N, and O are probably 
gained by chlorophyllaceous and non-chlorophyllaceous organ- 
isms alike, from either inorganic or organic compounds con- 
taining the necessary elements ; although, possibly, animals 
make use of the metals more readily when they are in organic 
compounds. Suitable proportions of the different metals in a 
nutritive solution for green plants are given in the following 
tables, showing various standard solutions employed by differ- 
ent experimenters : — 
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TABLE XXVin 

NuTRiTivs Solutions fob Phavbrooamb 

Sachs' Solution OsAMim. 

Distilled water 1,000.0 

Potassiiun nitrate, KNOs 1.0 

Calcium sulpbate, CaSO« 0.5 

Magnesium sulphate, MgSO« 0.5 

Calcium phosphate, CaHP04 0.5 

Ferrous sulpbate, FeSO^ trace 

Schimper's Solution (*00) 
Distilled water 600.0 

Calcium nitrate, Ca(N03), 6.0 

Potassium nitrate, KNOs 1.5 

Magnesium sulphate, MgSO« 1.5 

Neutral potassium phosphate, K3PO4 ... 1.5 

Sodium chloride, NaCl 1.5 

Fbavk*s Solution 
Water, ^distilled ; f^ Berlin reservoir water . 1,000,000.0 

Calcium nitrate, Ca(N03), 267.4 

Potassium chloride, KCl 121.5 

Potassium phosphate, KjPO« 101.9 

Magnesium sulphate, MgSO« • 7 H,0 .... 100.2 

Ferric chloride, Fe,Cl« trace 

The first diff ers from the others chiefly in the absence of chlo- 
rine. 

How fit ordinary water8 maj be to provide ali these salta is 
shown by this analjsis of the ordinarj drinking water of Bos- 
ton (Jordan and Richards, '91) : — 

TABLE XXIX 
Parts bt Weight of Inoroanig Matters ne 1,000,000 Parts op 

POTABLS WaTSR 

Sulphuric acid 4.58 

Chiorine 4.00 

Alumina and oxide of iron 0.75 

Calcium oxido 6.45 

Magnesia 1.60 

Potash 0.92 

Soda . 5.00 

Silica 3.04 

Nitrates 0.23 
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AH of the elements mentioned above, except phosphorus, 
appear in this list. Thus, ordinarjr drinking water is clearlj 
well adapted to the nutrition of plants. 

For algce^ MoLiscH ('95) used the solution given in the fol- 
lowing table : — 

TABLE XXX 

NuTRiTivB Solution fos Alojs 

Gram ms. 

Water 1,000.0 

(NH4)2HP04 0.8 

(KH,)P04 0.4 

MgSO^ 0.4 

FeSO^ trace 

(2 drops of a 1% sol.) 

Here we note an absence of the calcium used in the solutions 
for phanerogams. 

Fungi likewise require a mixture of salts, according to 
Nageli ('80, p. 354) and Benecke ('95), in the following 
proportions : — 

TABLE XXXI 
Ndtritive Solutions fok Fungi 



Nageli^s Solution 



Water . . . 
(NH4)H,P04 . 
MgS04 + 7 H2O 
KCI2 . . . 

FeS04 . . • 
Organic Compouiuls 



Grammbs. 

1,000.0 

0.5 

0.5 

0.5 

0.05 



Benecke^s Solution 

Okammbs. 

Water 1,000.0 

. . 5.0 

. . 0.01 

. . 0.5 

. . 10.0 

. . trace 

. . 50.0 



KHJPO4. . . 
MgS04 + 7 HjO 
K,S04 . . . 
NH4CI . . . 

FeS04 . . . 
Gljcerine . . 



The solutions differ principallj in the proportion of the salts. 

Finally, aH animah likewise require a certain quantity of 
salts. What the proportions are can be shown in the čase of 
young mammals, which live during part of their growing 
period exelusively upon milk. A wonderfully elose relation 
exists, indeed, between the proportions of the mineral con- 
stituents of milk and of the young mammal before it has begun 
to suck. This is shown in the analyses made by Bunge ('89) 
upon the milk of a dog and the body of its newly-born pup. 
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TABLE XXXII 

COMPARISOlf OF ASH IN NeW-BORN DoO AND IN THE MiLK OP IT8 MOTIIER 





A8H. 


In Milk: 


In Nkut-bokn Doo: 




% or Asa. 


% or AsB. 




P1O5 


34.2 


30.4 




CaO 


27.2 


29.6 




Cl 


16.9 


8.4 




KaO 


15.0 


11.4 




Na«0 


8.8 


10.6 




MgO 


1.6 


1.8 




Fe,Os 


0.12 


0.72 





The quantities in the two columns are fairly similar. The 
greatest proportional difference oceurs in the čase of iron, and 
this fact require8 a special expIanation, whieh is brieflj this, 
that iron is more important for the rapidiy growing embryonic 
i9tages than for later life. 

So likevvise in the eggs of birds we find stored up ali the 
mineral matters which are necessarj for their development. 
Thus the yoke of the hen's egg contains phosphoric acid, lime, 
chlorine, potassa, soda, magnesia, iron oxide, and silica in the 
relative abundance indicated in this descending series. This 
series closely agrees with that given for milk. 

In the čase of marine animals, also, certain inorganic elementa 
are a necessary food. The follo\ving list of sueh clements is 
bascd upon the results of thorough experiments by HERiiST 
('97) upon developing eggs of sea-urehins, starfishes, hydroids, 
ctenophores, and tunicates ; the most favorable proportiona of 
the elements were not, however, determined : calcium (in the 
form of carbonate, sulphate, or chloride), ehlorine, iron (trace), 
magnesium, phosphorus (as CagP^Og or CaHPO^), potassium, 
sodium, and sulphur. Now ali these elements are found in sea 
water, whieh in the ilediterranean Sea near Naples contains in 
1000 parts of water • 



• After FoRGUUAMMSR (*61), p. 383. 
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30.292 parts NaCl 




3.240 ' 


' MgCl, 




2.638 ' 


' MgSO« 


• 


1.605 ' 


' CaSO« 




0.779 ' 


' KCl 




0.080 ' 


' silicic acid, calcium phosphate, and insolu- 


38.634 


ble residue, 


including CaCO, and Fe,0,. 



Total 



From the foregoing tables it appears that mineral substances^ 
and essentially the same mineral substances, are reqmred b7 
aH organisms. The differences in this respect between the 
different organisms are slight. Thus while sodium is not 
included among the necessarjr elements of either chlorophjl- 
laceous plants or fungi, its occurrenee in considerable quantit7 
in milk, probablj associated with ehlorine as common salt, indi* 
cates that it is important for some animals. 

The important conclusion seems warranted that aH organisma 
may use as hylogenic food any sort of compound which wiH 
furnish the appropriate elements, but that among animals, and 
to a less degree among fungi, organic combinations have the 
preference beeause they f ulfil at the same time the thermogenie 
function. 

b. Detailed Account of the Various Elementi used as Food. — 
We may now consider the part which each element plays in the 
growth of the body as a whole, reserving for the Fourth Part & 
consideration of the specific role which the element plays ia 
organs of the body. We may, in general, consider first the 
share taken by the element in the constitution of the body, thea 
the form in which the element gains access to the body, and 
tinally what' general effect it has upon the growth of the 
organism. 

Oxygen. — Excepting carbon, oxygen constitutes a greater 
part of the body, by weight, than any other element. Between 
20% and 25% of the dry substance of the human body and 
between 35% and 45% of that of green plants is oxygen. 
The oxygen used as hylogenic food comes to land-animala 
from the organic compounds and the air consumed by the 
developing young ; the oxygen of water-animals may come 
from their food or from the oxygen dissolved in water ; finaHy^ 
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that of phanerogams is believed to be gained chieflj from tlie 
air at ali parts of the bodj, roots as well as stems and leaves. 

Since oxygen is of great importance for metabolism (p. 2), 
it is naturallj essential to growth. It is well known that the 
lower the oxygen tension is, the more slowly do seeds germinate 
and pass through their earlj stages of growth. Thus in an 
experiment performed by Bert (78, pp. 848-858) barlej grains 
which germinated and were reared at various pressures had 
in six days the following dry weights : — 



Atmospbsbio Pbkssuks. 



76 cm. mercury (normal atmosphere) 

50 •» (0.66 *• ) 

25 »• (0.33 •• ) 

7 '* (0.1 •• ) 



Bbsvltiho Wsxobt. 



8.8 mg. 
7.1 
6.2 
Nogrowth 



On the contrary, as the oxygen pressure increases up to about 
twice the normal, growth is aceelerated, but beyond that point 
growth is retarded until at about 7 atmospheres growth hardly 
occurs. 

In older seedlings, observations upon which have been made 
by WiELER ('88), Jentys ('88), and Jaccard ('98), atmos- 
pheric pressure below the. normal, even down to one-fourth or 
one-eighth of the normal, appears to induce accelerated growth ; 
likewise in pure oxygen at the atmospheric pressure growth is 
as rapid as or somewhat more rapid than in the ordinary at- 
mosphere. When, however, the oxygen tension is above the 
atmospheric pressure or below one-eighth of the normal, growth 
is retarded. It thus appears that an abnormal oxygen pressure 
may accelerat« growth, and as we shall see later, the same effect 
is produced by other abnormal conditions. 

Among animals, also, the oxygen tension exerts an important 
effect upon growth. This is shown by the experiments of 
Rauber ('84, pp. 57-65) upon the eggs of the frog. 

To get a variable atmospheric pressure Rauber used champagne flaska 
in which were put the eggs and a little water. Through the air-tight cork 
of the inverted flask one end of a U-shaped glass tube of proper length and 
strength wa8 passed. To the other end wa8 fixed a funnel through whicb 
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mercurjr could be poured into the tube. The column of mercury produced 
the increased pressnre in the flask, and the difference in height of the 
mercury in the two arms of the tube was a measure of this pressure. To 
get a pressure below the normal a partial vacuum was produced by a water- 
pump and the flask was then sealed. We assume (with Bert, 78, p. 1153) 
that the chief effect of the variation in the atmospheric pressure wa8 the 
variation in the amount of oxygen absorbed by the water. Pure oxygen 
was also used in the flask. 

At a pressure of three atmospheres no growth oecurred. At 
a pressure of two atmospheres growth was 8lower than at the 
normal pressure. At three-fourths of an atmosphere also 
growth was retarded and at one-half an atmosphere death 
generallj oecurred. Thus the optimum condition of oxygen 
tension is near the normal for the atmosphere. 

The same thing is indicated in a qualitative way by the 
experiments of Loeb ('92). The stems of the hydroid Tubu- 
laria possess in ordinary water a liigh regenerative capacitj, 
but in water deprived of oxygen by boiling no regeneration 
takes plače, although, after the water has been aerated again bjr 
shaking, rapid growth oecurs. 

Hydrogen. — This element forms, in its various compounds, 
between 5% and 10%, by weight, of the dry substance of 
organisms. How is it acquired? In the čase of plants it is 
believed that it is taken into the organism as a constituent of 
water, which combines witli carbon or carbonic acid in the plant, 
forming either starch directly or some other compound from 
which starch is later derived. Other possible sources of 
liydrogen are ammonia and its compounds, also the organic 
compounds absorbed. The hydrogen of fungi and animals has 
clearly been derived from the latter compounds alone. The 
effect of hydrogen gas upon growth seems to be merely that 
due to the replacement of oxygen; it has no active effect. 

Carbon is the largest constituent of dry organic matter, of 
which it forms between about 44% and 60%. In green plants 
it is obtained for the most part from the carbon dioxide or 
carbonic acid of the air which is absorbed by the leaves. Other 
sources of carbon for green plants are found in many organic 
compounds, such as urea, uric acid, hippuric acid, glycocoll, 
kreatin, guanin, asparagin, lucin, tyrosin, and acetamid. These 
afford nitrogen also. Certain green plants make use of animal 
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matter, t.g. insccta, aa food. Fungi and auimals obtain their 
carbon from carbon coinpountts elaborated by plunta. The 
indispensableness of carbon for the life of ali organisms as well 
as for their growth requires no illustration. 

Nitrogen.^Oi tlie importance of nitrogen as a hjlogenic 
food notliing more iieed be said than that it is essential to tlie 
formation of albumen. The ordinarj' form in which nitrogen is 




•qnal ainoanU of a miiriiiti' ~"lii 
form of calclc nitrate, an fo]l<i«'<i 
Dltrate In e»eli vesiel : C, 0.« p-inii 
KTaph. From FiUJiK CSSl. 



obtained by the scedling is, as already stated (p. 298), that of 
the nitrates or ammonia in the soil (Fig. 85). Growing fungi 
gain it chiefly from nitrogenous orgauic compounds. but niany 
fungi can make use of ammonium nitrate for this purjiose. 
Growing aniinals gain nitrogen chiefly, if not excluBively. from 
organic compounds, especiaUy albumen and allied substances. 

Kree nitrogen is found wide^pread in nature. It forma 
aboiit 79% of the volume of the air; penetrates into water. 
though in a smaller proportion than in the air. and even into 
the soil. Thus for organisms li\-iug in any of these media free 
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nitrogen is a possible f ood. Is it actuallj made use of ? This 
question has until recentlj usually been answered in the nega- 
tive, and this conclusion was the more readilj accepted since 
nitrogen is a notoriouslj inert gas. 

Another view, however, has within recent years come to 
obtain. It developed in this wise. It had long been known 
that land which has lain fallow or on which clover or other 
leguminous crops have been reared is in a way strengthened as 
if fertilized, and it was also known that this strengthening is 
due to the fact that the soil acquires nitrogen from the air 
and " fixes " it in the form of nitrates. While the studies of 
Pasteur on fermentation, since 1862, had paved the way for 
the interpretation of the process, the fact that it is due to organ- 
isms was first proved by Schlosing and MiJNTZ (77, 79). 
This proof they made by chloroforming a certain mass of nitri- 
fying earth and finding that the nitrifying process thereupon 
ceased. Later, they isolated a form of bacteria which had 
the nitrifying property. Their results were quickly confirmed 
and extended by others, notabiy Berthblot ('85, '92, etc), in 
a long series of investigations, so that there is now no question 
that the nitrification of the earth is brought about by the 
activity of bacteria, perhaps of several species. 

The results thus gained were extended to some of the higher 
fungi by Frank ('92, p. 596). 

Spores of Fenicillium cladosporioides were sowq in a nutritive solution of 
pure grape sugar and mineral salts, completely free of nitrogen, and in the 
presence of air which had been freed from ammonia by passing through 
sulphuric acid. The fungi grew, but not so rapidly as those in a solution 
containing nitrogenous corapounds, and produced a mass of hjphae. These 
hjphse, when tested, jielded ammonia. One such culture solution of 65 cc. 
Tolume became filled with the fungus mass in ten months and jielded 0.0035 
gramme of nitrogen, which must have been derived from the air. 

As similar results have been gained for other molds by 
Berthelot ('93) and for Aspergillus and Penicillium glau- 
cum by Puriewitsch ('95), we seem almost justified in pre- 
dicting that the capacity for assimilating free, atmospheric 
nitrogen will prove to be a characteristic of aH fungi. 

Now if it is conceded that some organisms can make use of 
the nitrogen of the air, it is clear that the a priori objection to 
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ali organisms doing so, the objection, that is, on the ground of 
the inertness of nitrogen, is disposed of . The que8tion is now 
merely one of fact. Do the algse, the higher plants, and the 
animals make nitrogenous compounds out of free atmospheric 
nitrogen? 

Of these groups, the algce first claim our attention because 
of the inherent probabilitj that they will act more like bacteria 
than any other group, since thej pass over into the bacteria 
through such connecting forms as the Oscillarice and Nostocs. 
ScHLOsiNG and Laurent ('92), Frank ('93), Koch and 
Ko8SOWiTSCH ('93), experimented with various species of Nos- 
toc, Oscillaria, Lyngbya, Tetraspora, Protococcus, Pleurococ- 
cus, Cystococcus, Ulothrix, etc., and found that, when supplied 
with a non-nitrogenous food, these plants produced nitrogenous 
compounds in the substratum, evidently gaining their nitrogen 
from the previously purified air. 

Doubt exists, however, as to whether the free nitrogen is 
taken in directltf by the algce or only after having been assimi- 
lated by bacteria associated with the algoe and by them made 
into nitrogenous compounds. For the latter alternative speak 
the experiments of KossowrrscH ('94) and Molisch ('95). 
KossovviTSCH, who with Koch had previously found that algee 
gain nitrogen from the air when reared in impure cultures, 
now took special pains to get algal cultures free from bacteria. 
To this end he reared algce on potassium silicate permeated by 
a nutritive solution. The pure cultures thus gained were then 
grown in a sterilized flask to which air, freed from ammonia, 
was admitted. The nutritive solution was made of salts free 
from nitrogen but containing the other essential elementa. 
The results of this experiment were striking. The pure cult- 
ures of algffi grew for a time, but then ceased. New non- 
nitrogenous food did not revive them, but the addition of 
nitrates caused rapid growth. 

Other evidence was gained from analyses. When the cult- 
ures of algce were pure there was no increase in the amount of 
nitrogen in the dry matter of the algse. But when bacteria 
were mingled with the algse, the quantity of nitrogen wa8 
increased. This is 8hown in the following typical analy- 
sis: — 
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CONTBirTS OF GULTUBK. 


MiLLIOSAMinBB OF N IN CULTUBB. 


At thb Bbgiknino. 


A T TUB EbD. 


Cystococcus, pure culture 

r no siifiT&r 
CvBtococcus, with bacteria < .^, * 
•^ 1 with arugar 


2.6 
2.6 
2.6 


2.7 
8.1 
8.1 



These results, abundantly confirmed by Molisch ('95), seem 
to 8how that unless bacteria are present algae can build up free 
N into nitrogenous compounds only slowly, if at aH.* 

While SCHLOSING and Muntz, Berthelot, and others were 
gaining an explanation of the enrichment of fallow ground, 
Hellriegel ('86) and Wilfarth were making their investi- 
gations upon the cause of the enriching action of leguminons 
crops, which led them to the conclusion that it was due to the 
fixation of nitrogen in plants with root-nodosities containing 
bacteria, the compounds thus formed by the symbiotic bacteria 
being directly assimilated by the plant. This conclusion has 
been repeatedly sustained for leguminous plants (Fig. 86). 

The question whether green phanerogamous plants other 
than legumes can make use of free atmospheric nitrogen is one 
which is stili in hot debate, and it is not an easy one to answer. 
The calm conviction, based chiefly upon the excellent work of 
BoussiNGAULT ('60), and Lawes, Gilbert, and Pugh ('61), 
that nitrogen is not thus obtained was rudely shaken by the 
paper of Frank ('93) in which that author stated that he finds 
that nitrogen is removed from the air by non-leguminous 
plants — plants, moreover, which are not known to have 
bacteria living in their roots. Consequently he is of opinion 
that perhaps the fixation of free nitrogen may be carried 
on by any living plant celi. 

The difficulties in the solution of the problem inay thus be 
set forth. It is recognized that aH growing plants make use 

♦One **crucial test" of Frank stili requires an ezplanation. If the free 
nitrogen is **fixed*' by the aid of bacteria, the process should go on in the dark. 
Ezperiment shows that it does not do so. This difficulty Kossowit8ch over- 
coines by the assumption that the activities of the bacteria are dependent upon 
certain carbohydrates which the plant can afford them only in the light. 
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of nitrogen, but the iiitrogen is usually obtained from the soil 
in the form of mtrates. It is feasible to determine by analy8is 
the ainouiit of nitrogen in the soil at the beginning of the ex- 
perimeitt and the amount in the seed planted, and then atter 
the experiment to determine the fiuantity in the soil and in 
the plant- But the difficiilty comes in interpreting the result& 




Fto.flS. — Pkranel cuIttuM of psM In lbei7niblaUeuid Itoboa-^nbloUemiMllilons. 
E>cb Mrtea comprUes ibree culliir« Teisels: B. llie ■jrniblollc planta In soli witli- 
oal nitrogen : C, tbe tuin-a3-tnliiotlc plnnts in lik« loil ; A, toi compariMiD, nun- 
i^rnUaifc plonls&IternilditioDof Diusle to ibsBoU. Alicr« pbotograpli. (Froui 



of the analyses. Thua the fact that the sum of nitrogen in the 
plant and the soli is greater at the end than at the beginning 
of the experimeut does not prove that the pbint has takeu in 
free nitrogen ; for. as we have seen. the soil contains mtrifying 
bacteria, which intermediate between the free nitrogen of the 
air and the nitratea absorbed b_v the greeu plants. Tliis diifi- 
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culty may be partljr met by sterilizing the soil, but this prob- 
ably produces also other changes than the death of the bacteria. 

The most careful observations of the last five year8 have not 
supported Frank's generalization. Here and there there 
have been observers who, like Liebscher ('92) and Stoklasa 
('96), believe they have evidence for the direct assimilatibn of 
free nitrogen by the cells of phanerogams. But the evidence 
for the contrary opinion is predominant. 

The experiments which speak for the theory that green 
plants cannot directly make use of free nitrogen are not in 
unison. Thus, some indicate that in non-leguminous as well 
as leguminous plants nitrogen of the air is indirectly made use 
of through the action of the bacteria of the soil, while accord- 
ing to others it would seem not to be inade use of at aH. To 
the first class belong the experiments of Petermann ('91, '92, 
and '93) with barley, of Nobbe and Hiltner ('95) with 
mustard, oats, and buckwheat, and of Pfeiffer and Franke 
('96) with mustard. To the second class belong the experi- 
ments of Schlosing and Laurent ('92 and '92*) with 
various plants, Day ('94) with barley, and Aeby ('96) \vith 
mustard. In the second class, however, the experimental con- 
ditions did not favor the development of the bacteria of the 
soil. The experiments of Petermann \vere, however, carried 
out upon a very large scale and under practically normal con- 
ditions and showed a marked diflference between the acquisi- 
tion of nitrogen by barley growing in an unsterilized soil and 
in a sterilized one. Likewise Nobbe and Hiltner, and 
Pfeiffer and Franke, were careful to rear plants under 
normal conditions, so that their results are worthy of especial 
consideration. They agree that there is an acquisition of 
nitrogen by the plant growing in normal soil and that this 
occurs only when the soil is unsterilized. We conclude then 
that probably phanerogams, like algse, can use the free nitro- 
gen of the air as food only after it has been converted into 
nitrates by the action of the nitrifying organisms — the bac- 
teria of the soil. 

Turning now to animals, whose nutrition is often compared 
with that of fungi, we find an absence of knowledge on the 
subject of the nutritiveness of free nitrogen. It is clear that 
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land animals are in a favorable position for makiug use of it, 
since it penetrates with the oxygen to aH parts of the body. 
It is f ound in the blood of mammals, but stili as f ree nitrogen. 
Whether it eventually becomes fixed in the body is entirely 
unknown. The a priori argument against sueh fixation — the 
argument of inertness — has lost much of its f orce since the 
discovery of the nitrifying organisms. 

PhosphoruB. — This element is of eonstant occurrence in 
organisms. It has been found in yeast, mucors of the most 
diverse kinds, seeds, plant tissues, and animal tissues of ali 
kinds. It is indeed one of the first among the mineral ele- 
ments of most organisms, as shown on pages 296 and 297. Of 
the dry substance of a fish, about 7% is phosphoric acid, and 
the dry substance of many seeds yields 15%. Phosphorus 
occurs in organisms as phosphoric acid compounds. Of these 
the most important organic compounds are nuclein^ which has 
albuminoid properties, and occurs chiefly in aH nuclei and in 
deutoplasm; lecithin^ of a fatty nature, occurring in yeast, 
plasmodium of ^thalium, seeds, milk, yolk of eggs, and 
nervous tissue ; and glifcerin-phosphoric acid^ a product of 
decomposition of lecithin and found wherever the latter occurs. 
As examples of inorganic salts we have the sodium and potas- 
sium phosphates of the blood and tissues and the calcium phos- 
phate deposited in bone. 

So important an element as phosphorus would naturally form 
an essential part of the food of aH growing organisms. It is 
supplied at first in the germ, — seed or egg, — but later must 
come from without. Plants gain phosphorus from the disinte- 
grating rocks. Animals derive it chiefly from plants, directly 
or indirectly, or from the calcic phosphate of the sea ; in mam- 
mals it is supplied to the develoi)ing young through the milk, 
which, as we have seen on page 303, is rich in phosphates. 

The abundance of phosphorus in the body indicates that its 
office in the organism is an important one, and its peculiar 
abundance in seeds, yolk, and milk indicates that it is especially 
important in growth. Experiments have been directed towards 
this point. The fact has long been established that plant 
growth cannot occur in the absence of phosphates, and this i^ 
true not only for green plants, but also for molds and yea8t 
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(Raulin, '69). Embryo8 of variouc marine animals also will 
not develop in the absence of phosphorus (Herbst, '97). The 
peculiar importance of phosphorus for growth is also indicated 
by the fact that Hartig and Weber ('88) found more phos- 
phoric acid in the ash of the growing ends of the plant than in 
its fully diflferentiated parts. Again, LoEW ('91*) found that 
Spirogyra kept in a nutritive solution of salts in which phos- 
phorus alone was lacking, eoutinued to live and, indeed, to 
form starch and albumen, but its cells did not grow or divide ; 
so that LoEW coneludes that an important use of phosphorus 
is to nourish the cell-nueleus, and this fact is ea8ily understood 
from the known importance of the phosphorus-containing 
nuclein of chromatin in cell-division. Ali these facts go to 
show that phosphorus is of prime importance in the growth of 
organisms. 

Arsenic^ Antimont/^ Boron^ and Bismuth^ and their compounds^ 
are apparently aH injurious to organisms, so that sublethal 
fiolutions strong enough to be active, interfere with or even 
inhibit growth. 

Sulphur, — This element is, without doubt, of constant oc- 
currence in organisms of ali sorts, for it constitutes between 
0.3% and 2% of aH proteids, out of which organic bodies are 
largely composed. Sulphur forms between 0.6% and 1% of 
various (dry) organs of man, and nearly 1% of the dry sub- 
stance of a month-old seedling of Sinapis alba. 

In the growth of a plant (Sinapis alba) the amount of ita 
sulphur increases from 0.02 mg. in the seed to 84.4 mg. in the 
adult plant, and, indeed, it has been shown in one čase 
(Arendt, '59, for the oat plant) that the percentage of sul- 
phuric acid in the ash increases from 2.9 to 4.2 as the plant 
develops from a seedling to maturity. Since the sulphur goea 
chiefly into the composition of the living substance, its hylo- 
genic importance for growth is evident. 

The form in which sulphur may be taken into the body ia 
very varied. It is well kno\vn that green plants usuallj 
absorb it in the form of sulphates, especially sulphates of 
potassium, calcium, and magnesium ; marine animals take it 
chieflv from the calcic sulphate of sea water, and land animals 
gain it largely from organic sulphur compounds produced in 
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plants. 'Whetber noQ-chloropliyllaceou8 plants can make use 
of it has been luucli discussed, and is worthy of furtlier inves- 
tigation. WlS0GRADSKV ('88. "89) has, indeed. 8liowti that 
the sulpho-bacteria store up pure sulphur froni Bulphuretted 
hjdrogen (H,S), and Presch ('90) bas concluded, as a result 
of feeding liiniself with pure sulphur and analjzing the sulphur 
of the urine, that about one-fourth of the sulphur tftken into 
the body in an eleinentary form becomes built up into organic 
molecules. Recently Hekbst ("9") has 8hown that enibryo8 




Fio. «1. — Riqht, Lamt of Ecblnua reared ti>r 73 faonrt In irftter coDlalDlOfC kil Uio 
Deemarf »Its : tbe lulpbur being In ibo turni ot 0.26% m&fCDCslnni iHlpliate and 
fi.Vk cakle galpliat«. and ttw phoaphate in the latat ot CaHVO,. Tbe larra U 
Diinnnl. Lt/t, IJirTB reared (ot fVS hoora in a lolulion oiDlalnlni; no sulphur noi 
CaCIj. The tjplcal larva vllbout tulpbut. but witb CaCI,. difTera trom Ihli cblrHf 
Inlbepresenreof tndlmeDlarrapiculeB; Ar, spli.'nle-tanuIn|;celU. (Frum Hkrbst, 



of sL>a-urchiQS and otlier marine animals do not develop in the 
ahseiii-e of Hnlphur (Fig. 87). These facts indicate that not 
grueii plants merely. hut alt orgnnisms, can use eleinentary 
sulphur as « livlogcnic food. 

7^0 Halogem, chlorine, hroinine. iodine, and Suorine, are 
elementa which are clo3eIy similur in their chemical reactions 
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outside of organisms, and carry a part of that peculiaritjr with 
them into organisms. AH of them are of physiological interest ; 
but so far as we know chlorine and iodine are most important. 

Chlorine. — This element is probably of constant occurrence 
in organisms, and indeed in rather large quantities, as Table 
XXVII, p. 297, 8hows. It is not strange tliat it should be so, 
since this element is very widely distributed in ali waters. 
This very fact, however, renders it possible that chlorine is 
merely an accidental constitueut of organisms, being unessential 
to growth, and precisely this conclusion has been maintained. 

Of green plants it was early asserted that growth occurs as 
readily in solutions containing no chlorine as in ordinary 
potable water, but of late years evidence opposed to this view 
has been accumulating. Thus, while it appears that growth 
may occur in the absence of chlorine, Aschoff ('90) and 
others have found that growth is not so vigorous as in solutions 
containing this element. It has been thought that chlorine 
makes an advantageous combination with the potassium neces- 
sary for the plant, but the true significance of the favorable 
properties of chlorine remains undetermined. 

Turning to animals, \ve find that chlorine occurs in the milk 
of mammals, and is therefore probably necessary to them. 
According to Herbst ('97, p.. 709) it is a necessary food for 
young echinoids* Certainly in the form of sodium chloride 
it is an essential food of the higher animals, and some of them, 
especially the herbivora, require large quantities of it, as " salt- 
licks" testify. The function of chlorine is not altogether 
plain. It must be used in the production of the hydrochloric 
acid of the digestive juices. In addition, sodium chloride is 
found widely distributed in the tissues. It has often been 
asserted that it goes through the tissues unchanged ; but 
Nencki and ScHOirMOW-SiMANowsKY ('94) believe that it is 
probably disintegrated and the chlorine built up into organic 
molecules. 

Bromine. — The normal occurrence of traces of this element 
has lately been demonstrated by Hotter ('90) for a great 
variety of plants. It occurs most abundantly in various 
fruits, apple, pear, peach, and also in the leaves and twigs of 
many plants, as well as in various berries. Its normal occur- 
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renče permits us to believe that it has an iinportance, if not for 
growth, at least for development ; there is, however, no direct 
evidence that it is generally necessary to organisms. Since it 
is closeljr allied to chlorine, the question whether it may replace 
chlorine in growth has been tested. Nencki and Schoumow- 
SiMANOWSKY ('94) have found that in the higher aniraals 
the bromides can replace the chlorides to a limited extent, but 
are clearly less advantageous. Altogether the importance of 
bromine for growth is slight. 

lodine. — This element is of wide-spread occurrence in organ- 
isms, probably as a constituent of organic molecules, for it is 
found in plants, especially in some species of Fucus and Lami- 
naria (cf. Eschle, '97); in invertebrates, e8pecially in sponges 
and the stem of Gorgonia; and in vertebrates, especially in 
mammals, where it has recently been shown to be most im- 
portant for growth. It has long been known that mammals 
which have been deprived of tlie thyroid gland acquire a weak 
condition of body known as myxoedema. This efifect has been 
accounted for by the loss, to the organism, of a substance 
elaborated in the thyroid gland ; for when the thyroid gland, 
or a docoction of it, is fed to the animal it recovers to a certain 
extent its normal condition. The nature of this substance has 
been investigated by Baumann and Roos ('96), who find that 
it is a compound of iodine — thyroiodine ; for when thyro- 
iodine is fed to the myx(Kdema patient, the same favorable 
result ensues as follows feeding upon the gland. 

Fluorine is found rather \videly distributed among verte- 
brates in very minute quantities. It forms^bout 1.3% of the 
total ash of bone. It is present also in the hen'8 egg, being 
more abundant in the yolk than in the albumen (Tammann, 
'88). Since it is chiefly found in the body as a constituent of 
bone, possibly in the form of the mineral apatite, Caj^Fj (P04)g, 
it may very well be that its chief importance is in the consti- 
tution of this formed substance. According to Brandl and 
Tappeiner ('92) the normal amount in the body may be 
greatly increased by feeding sniall quantities of sodium fluoride 
during a long period. Altogether, we have no reason for 
thinking that fluorine is essential to the growth of organisms 
in general. 
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SaltB of Alkalis. — This group contains one or two of the 
most important eleinents of which organisms are composed. 
The elements are only slightly replaceable by one another. 

Lithium seems normally to ha ve little importance f or growth, 
although slight traces of it have been found 8pectroscopically 
in the blood (Hoppe-Seyler, '81, p. 453). 

Sodium is probably of constant occurrence in organisms. 
The quantity of it in the body is widely dififerent in dififerent 
species ; and as our table on page 297 shows, it may vary in its 
position f rom one of the most abundant of the elements to one 
of the least. Whereas sodium is not essential to the nutrition 
of plants, it is necessary in the form of sodium chloride to 
certain higher animals. Sodium Ls also found in aH the tissues 
of the body, and perhaps enters into the albuminoid moleeule 
(Nencki, '94). The fact that, as we have seen on page 308, 
soda is a prominent constituent of milk, indicates its impor- 
tance in the growth of mammals. Finally, Herbst ('97) has 
been able to demonstrate its indispensability for the growth of 
marine animals. 

Potassium constitutes an important part of aH organisms. 
It forms the largest part of the ash of nearly ali phanerogams 
(see page 297) and is markedly abundant in yeast and in many 
invertebrates. It oecurs in the body as chloride and as sul- 
phate, and probably also in combination with albumen and 
various organic acids (Vines, p. 134). 

That it is an essential and unreplaceable food for ali organ- 
isms is indicated by trustworthy experiments upon fungi, algae, 
phanerogams, invertebrates, and vertebrates. Raulin ('69) 
lirst showed that only culture-solutions containing this metal 
permit the growth of fungi. 

The experiments of Benecke ('96) upon the growth of 
certain molds, e.g. Aspergillus, are \vorth citing in detail as an 
illustration of the metliod. 

Ile .sowed spores in culture-vessels raade of a glass which analjsis had 
8hown to be free from potassium. Two of these vessels contained a imtri- 
tive aqueous solution consisting of 3% cane sugar and 0.25% magnesium 
sulphate. To the one of these solutions was added 1 .2% potassium nitrate, 
and 0.26% potassium phosphate; and to the other 1% sodium nitrate and 
0.5% sodium phosphate. After four days the first culture was covered by a 
sheet of fungi and in five \veeks the \vhole surface was black with spores ; iu 
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tbe second culture, on the otber hand, little grovth had occurred evea »t 
the end of Gve weeks. The crop from each of tli« eultures waa tben 
harvested and its drj weight determined. Tbat of the firat cultUK waB 
0.3 gramnie, tbat of tbe eecond 0.03 gram me. 

By a somewhat similar procedure >I0LISCH C*9o) bas been 
able to 8ho\v that potassimu is essentJal to the gron-tli of alg» ; 
and NoBBE and others ('71) that it is necessary for the growth 
of phanerogams. 

The ezperiraeiita upon animals have been ratber lesa satisfac- 
tory on account of the greater dithculties in experimentation. 




Fio. 88, — Tiro«mbryoRof SphKrecbiuos fiom p«raU«l caltnrM. a.nhni InBMls- 
tloii cooulalDK ali tbe necessarj- mIis ; enbrjo normal. b, reared Id tbe Bane 
■ulatloD, bat wlIboat pniaselum; blaitola wall abaonnally denje, and cmbrjool 
small sile. (From Ukbbbt, '97.) 

Nevertlieless vre have some tru8twortliy data upon this matter. 
On the side of the invertebrates \re have the ex[)eriinent8 of 
LoEB ('92), who jilaced a hydroid. Tubidaria, in freah vater 
to which Solutions of varions combinatious of the salts found 
in sea water \vere added so as to give ivpproximately tlie nor- 
mal nsmotic cffect. Under these circumstances regenerntion 
of the hydroid3 occurred onlv in tlie sulutiuiis containing 
potassium. Again, Hekbst ('97) iinds jmtassium essential to 
the gro\vtli of embrjos of echinoids (Fig. 88). Tbus the 
potassium compoiiuds scem nece3sary to the proce.sses upon 
\vluch growth depends. On the side of vertebrates \ve have 
the snmewhat inconclusive results of Kemmekich ('*>'.'), \vho 
fed t\vo young dogs of the same age and of near!y the luiiue 
size upon meat boiled until a birge portion fif its salts \va8 
extracted. To tbe food of one dog lie added ouly sodium ctilo- 
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ride ; to that of the other, both sodium chloride and potassium 
salts. After 26 days the dog fed on the potassium salts as well 
as the sodium chloride was about 30% heavier than the other» 
and this diflference wa8 reasonably ascribed to the beneficial 
efifects of the potassium. 

The particular part which potassium takes in growth is stili 
somewhat doubtful. The recent observations of Copeland 
('97) with seedlings reared in water cultures in which sodium 
replaces potassium, lead him to the conclusion that potassium 
is necessary to turgescence. The potassium salts become 
lodged in the cell-sap, as analjsis shows, and are therefore» 
perhaps, one of the principal causes of imbibition. 

Rubidium and Ccesium. — These rather rare metals are 
important only because of the fact that they may replace 
potassium in the growth of some fungi. Winogradsk:y ('84) 
recognized this to be the čase with rubidium in yeast cultures. 
Nageli ('80) found that in molds rubidium and caesium gave 
even greater growth of dry substance than potassium cultures^ 
a conclusion abundantly confirmed by the studies of Benecke 
('95). "VVhatever, therefore, is the significance of potassium 
for growth, rubidium and caesium seem to have the same 
significance. • 

Earthy Metah. — Under this head are included the elements 
calcium, strontium, and barium, \vhich form compounds having 
closely similar molecular structure and properties. We might 
therefore expect them to be in some degree mutually replace- 
able. 

Calcium shares with potassium and phosphorus the position 
of one of the most abundant elements of organisms. It is found 
in every tissue and seems to be a constant accompaniment of 
protoplasm. 

Its constant occurrence is indicative of its importance as 
food for both plants and animals. It is apparently indispensa- 
ble and unreplaceable by any other element in phanerogams ; 
but MoLiscH ('94) finds that growth can take plače in certain 
molds (Penicillium, Aspergillus) as well in its absence as in 
its presence, and in some alga?, but not in ali (Molisch, '95), 
calcium is apparently of little importance. In animals, calcium 
can be replaced by other elements only to a very slight extent. 
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Its absence from the water in which echinoid larvae are 
developing produces dwarfs. In vertebrates, owing to the 
need of this metal for the skeleton, large quantitie8 of calcium 
are taken in by the growing organism. In normal growth, 
then, the food of animals and phanerogams must contain 
calcium. 

Strontium^ although closelj allied to calcium, is rather rarely 
found in considerable amount in organisms. In certain plants« 
as e,ff. Fucus, it is constantly present. It can be stored up in 
the animal organism \vhen supplied abundantly in the food, but 
in general is believed to be of little importance for growth. 

Manganese^ like\vise, is not of general importance, although 
it is found abundantly in certain plants, e,g. Trapa natans, 
Quercu8 robur, and Castanea vesca, and in the excretory organ 
of the moUusc Pinna squamosa (Krukenberg, '78). 

Iron. — This most abundant of the heavy metals occurs so 
frequently in organic substances, especially those related to the 
compounds found in protoplasm, that it is little wonder that 
iron has been found to be an essential ingredient of aH proto- 
plasm, hardly less important than oxygen itself. Although its 
occurrence has been demonstrated, especially by Schneider 
('89), in ali the large groups of animals, its amount in any 
individual or organ is always very small. Iron oxide (Fe^Og) 
forms between 1% and 2% of the ash of muscle, about 5% of 
the ash of blood, and rarely rises to 5% in plants. 

It is found in the body, for the most part, as in yolk 
(BuNGE, '85), in organic union. It occurs thus in the chro- 
matin of the nucleus of aH cells (Macallum, '92, '94; 
Schneider, '95). 

Tlmt chromatin contaiiis iron has been demonstrated bv Macallum 
('91) l>y means of a niicrochemical method whose general validityhas never, 
so far as I know, been questioned. It was shown by Bunge, in 1885, that 
when tissue is put into ammonium sulphide the iron, even in an organic 
niolecule, is separated from its compound, and uniting w'ith the sulphur 
forms ferrous sulphide (FeS). This ferrous sulphide appears in the proto- 
plasm as green granules (black in large quantity) ; and the fact that these 
granules appear abundantly in the nucleus sho\vs that iron is especially 
abundant tliere. Additional evidence is given if after several weeks the 
chromatin loses its stained appearance and liecomes rusty. This result is 
interpreted as due to the formation of ferric oxide, Fe^O^; for when the 

T 
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nuciei are subjected to hydrocbloric acid and potasaium ferricjanide they 
immediatelj assume a deep azure-blue color, clearly due to the formation 
of "Prussian blue " or Fej(Fe C„X,)j, This series of reactions can only bo 
«xplained on the grouud that there is iron iu the nucleus. 

Iron haa showii itself to be essential to the growth of ali 
organisms Its importance for growtli is indicated by its rela- 
tive abundauce in tlie \ olk of biids' egg8, and by the fact of 
its occurrence in lai^ttr proportion in a mammal just bom than 




Tih. 89. — EchlDiis1arTffirromparaUe1cultureg,al19iaBy8 old. a, reared !□ a Bolo- 
tion coDtaiuing sil salu, includiog irou aa FeCli ; !> and c, tram golutfouB contain- 
Ing ali laltB ezcepting Iron. (From Hbbbbt, "9!.) 

in later stages. When excluded trora a nutritive Bolution 
which is otherwise coinplete, growth is imperfect (Fig. 89), 
This may be associated with the facts that in plants the chloro- 
phyll graiiules are not developed in its abaence, that in the 
higher aninials hicmoglobin cannot be formed, and that the 
chroinatic substance of ali cells requireB it. 

The que3tion in what form iron is absorbed by the organism 
bas been the siibject of an exten8ive discussion. Although 
doses of metallic iron have loug been used with favorable 
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results in medical practice, Bunge ('85) concluded that only 
organic iron compounds are assimilable. The studies of 
KuNKEL ('91 and '95) and Woltering ('95) have, however, 
8liown in the clearest manner that inorganic iron is assimilated, 
stored in the liver, and made use of in the construction of such 
organic compounds as the hiemoglobin of the blood. At the 
same time, as SociN ('91) and others have shown, iron may 
be gained from organic compounds. Apparently, iron com- 
pounds of any sort may be made use of by the organism. 

Magnesium. — This metal is closely associated with calcium, 
the two usually occurring together in organ isms j ust as they 
do in the inorganic world. As the table on page 297 show8, 
magnesium is of constant occurrence among organisms, although 
never present in great quantity. The magnesium is gained by 
green plants at the same time with the calcium from mineral 
salts (chiefly magnesium carbonate and sulphate) derived from 
disintegrating rocks. Fungi can also make direct use of the 
salts of magnesium (excepting always the chloride) ; and ani- 
mals, although no doubt chiefly gaining their magnesium from 
plants or the waters in which they live, may make use of min- 
eral salts, especially in the construction of the mineral parts of 
various formed substances, such as those of bone. 

So constant an element is presumably necessary to the organ- 
ism, and numerous observations make it quite certain that this 
is true for green plants in general. Indeed, the fact that mag- 
nesium occurs in chlorophyllan of chlorophyll makes it prob- 
able that it functions in assimilation. Concerning its indis- 
pensableness for fungi there can likewise be no doubt, since 
Bexecke's ('95, p. 519) experiments show it to be replaceable 
neither by calcium, barium, or strontium. \Vhile some investi- 
g^tors, like IIoppe-Sevler, believed it to have little signifi- 
cance for the animal body, — to be an accidental accompaniment 
of calcium, — later study has sho\vn that it is of importance 
for regeneration of hydroids (Loeb, '92), and, according to 
Herijst ('97), a constituent of tlie sea \vater \vhich is necessary 
to the normal gro\vth of various marine larvie. Also its occur- 
rence, although slight, in milk, as well as its very abundant 
occurrence in seeds, indicate that it plays an important, if an 
imknown, part in growth. 
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Silicon. — This element is of wide occurrence among organ- 
isms. In many plants, especially the grains and grasses, it is 
exceeded in abundance only by potassium. Among the lower 
organisms whole groups, e.g. diatoms, Radiolaria, and glass 
sponges, are characterized by the great amount of silica made 
use of. Even in vertebrates it is found wide-spread in the 
blood, gall, bones, feathers, and hair. The silicon required for 
the body is gained by plants and lower organisms from the 
soluble silicates or silicic acid of the soil and waters ; by vei*te- 
brates, probably from plants. 

Although Sachs ('87, p. 271) was able in 1862 to 8how that 
growth even of maize (about one-third of \vhose ash is silica) 
continues in the absence of silicon, yet some grains do better, 
according to \Volff ('81), when that element is abundant. 
It is significant, likewise, that, as Poleck ('50) found, 7% of 
the ash in the albumen of the hen's egg is silicon. 

Copper. — Brief mention may be made of the fact that this 
metal occurs in a great variety of organisms, but usually in 
minute quantity. It occurs as a physiologically important con- 
stituent of the h8emocyanine of the blood of the squid (Fred- 
ERICQ, '78, p. 721), of crabs and lobsters, and of certain gas- 
tropods and lamellibranchs (Fredertcq, '79). 

2. 'The Organic Food used bj Organisms in Growth. — AH 
organisms may use organic compounds as food ; aH organisms 
\vhich contain no chlorophyll, certain bacteria excepted, must 
do so. This organic food may consist of solutions of definite 
composition or it may consist of solid masses of plant and 
animal tissue composed of varied and indeterminate kinds of 
organic molecules. The former are made use of chiefly by 
plants ; the latter, by the higher animals. This distinction is» 
hovvever, not a nece8sary and constant one, for on the one hand 
insectivorous plants and many fungi live upon solid masses 
which they digest, and on the other hand some of the Protozoa 
can be fed upon known solutions, and doubtless some of the 
higher animals could be likewise fed, although few experiments 
seem to have been made in this direction. Even in methods 
of nutrition there is no sharp line to be drawn between the 
different groups of organisms. 

a. Fungi. — Our knowledge of the efifect of known chemi- 
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cal compounds used as food has been much more advanced 
by studies upon this group than upon any other. Yeast 
and bacteria have been especially investigated, but valuable 
results have been obtained upon the higher fungi also. Con- 
sidering aH these results together, it appears that the nutritive 
value of an organic compound is perhaps chiefly determined by 
its assimilability; that is, the less the energy required to attack 
and transform the compound by the various chemical means at 
hand, the more favorable it is as a food. This assimilability 
depends in turn upon the molecular structure — upon a certain 
molecular instability or lability — upon the possession of that 
quality which is foiind in its extreme expression in many 
organic poisons. As Loew ('91, p. 761) has expressed it: 
Poison action, like nutritive action, is a relative conception. 
An indifferent body can become, by entrance of one atom-group, 
a nutritive substance ; by entrance of an additional atom 
group, a poison. While a certain lability — that is, a certain 
degree of ease of decomposition — is acondition of the nutritive 
quality of a substance, a slight increase of this lability can 
give it a poisonous character, especially when the loosely 
arranged atoms can link into that atom-grouping upon which 
the vital movement in the protoplasm depends. Thus methan 
is indifferent for bacteria, methylalcohol is a nutritive sub- 
stance, formaldehyd is a poison, and its combination with sodic 
sulphate again a nutritive material.* 

Additional laws of nutritive value \vhich hold true in many 
cases are as follo\vs : The assimilable carbon compounds con- 
tain the group CHj or at least CH. Under otherwise similar 
conditions, compounds with one carbon atom are assimilated 
with great difficulty (methylamin) or not at aH (formic acid, 
chloral); and, in general, but Avith important exceptions in the 
čase of certain classes of substances, the assimilability increases 
as the number of carbon atoms in the molecule increases. The 

* The graphic formulas of these substances are : — 

OH OH 

CH4 CHr-OH CH, CH, 

OH SOjNa. 

metluui. metbjUlcohol. fomuddebj-d. fomuldehjd-todio •alph*te. 
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radical HO- is usually easily released, con8equently we find 
compounds containing this radical iu general more assimilable 
than allied compounds in which the HO- is replaced by H, 
Especially is this true when the HO- is joined with radicals 
containing carbon and hydrogen atoms. For example, foods 
with the radical -CHj • OH are more nutritive than those with 
-CHg. Hydroxylized acids are better food for bacteria than 
non-hydroxylized — lactic acid, CgHgOg, is better than pro- 
pionic acid, CgHgOj. It is, perhaps, a special čase under this 
rule that multivalent alcohols — i.e. those containing several 
HO groups — are better foods than the univalent ones; for 
instance, glycerine, CHjOH-CHOH-CHjOH, is better than 
propylalcohol, CHg . CHg • CHgOH. Finally, the entrance of 
the extremely unstable aldehyd (-CH:0) and keton (-C0-) 
groups increases the nutritive capacity of the food ; for 
example, glucose, CHjOH • (CH • 0H)4CH0, or fructose, 
CH2OH . (CH . 0H)8 • CO . CH2OH, is better than mannit, 
CH2OH . (CH . OH)^. CH2OH. But ali substances containing 
the group CHOH are good foods, since this compound can be 
used directly in the construction of carbohydrates, and eventu- 
ally of albumen. 

As an example of the application of these general principles 
may be given this series of substances arranged in the order of 
their decreasing nutritive value for yeast and molds (Nageli 
and LoEW, '80) : 1, sugars ; 2, mannit, glycerine, the carbon 
groups in leucin ; 3, tartaric acid, citric acid, succinic acid, the 
carbon groups in asparagin ; 4, acetic acid, ethylalcohol, kinic 
acid ; 5, benzoic acid, salicylic acid, the carbon groups in pro- 
py lamine; 6, the carbon groups in methylamin, phenol. 

In conclusion may be mentioned a food for bacteria which^ 
although inorganic, resembles organic compounds in that it 
may serve as a source of energy. This is the hydrogen disul- 
phide employed by the sulphur bacteria and allied forms 

(WlNOGRADSKY, '87, '89). 

b, Green Planta. — It has already been shown that organic 
compounds can be assimilated by green plants. The experi- 
ments which have shown this have been made upon both algsd 
and phanerogams, especially by Bokorny, Loew, A. Meyer, 
and Laurent. It appears that, in the absence of carbon 
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dioxide, Spirogyra may form starch from methylalcohol, for- 
maldehjd, glycol, methylal, acetylethylesteracetat, acetic acid^ 
lactic acid, butyric acid, succinic acid, phenol, asparaginic acid^ 
citric acid, acid calcium tartrate, ammonium tartrate, calcium 
bimalate, glycocoll, tyrosin, leucin, urea, hydantoin, kreatin, 
and peptones.* Phauerogams form starch from glycerine, cane 
sugar, levulose, dextro8e, lactose, maltose, mannit, dulcit, and 
lecitliin. While daylight favors assimilation it can be in some 
cases dispensed with. Thus the potato plant can accumulate 
starch in the dark when glycerine is used as food. 

An attempt to gain a deeper insight into the conditions of 
formation of albumen from organic matter has been made by 
Hansteen ('96), who reared Lemna in solutions of grape sugar 
or cane sugar, on the one hand, and amids, like asparagin, urea, 
glycocoll, leucin, alanin, or kreatin, on the other; also on grape 
sugar and inorganic nitrogenous bodies such as potassium 
nitrate, sodium nitrate, ammonium sulphide, and ammonium 
sulphate. As a result of feeding on grape sugar al one at 20® C. 
during 24 hours, much starch was stored in the cells ; when 
grape sugar and inorganic nitrogenous bodies were combined 
little starch and much albumen were produced. Much albumen 
was also gained when the nutritive solution contained cane 
sugar and urea, or asparagin and ammonium chloride, or 
asparagin and ammonium sulphate. The production of albu- 
men in green plants is favored by nitrogenous organic com- 
pounds. 

C. Animals. — These organisms are distinguished from the 
foregoing by an immense requirement of energy for their 
muscular processes, much of which is continually lost to the 
organism in the form of motion communicated to the en\'iron- 
ment. On the other hand, growth is generally 8lower than in 
plants. Consequently in animal nutrition thermogenic foods 
are the more important and the nutritive processes are prevail- 
ingly exothermic. The plastic processes are the less striking ; 
nevertheless, it is they which chiefly concern us in our study 
of growth. 

Among the organic compounds ingested, carbohydrates are 

• The reagenta were emplojed in about 0.1% solution, and whenever acid were 
neutralized with liine-water. 
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believed to ha ve little importance as plastic foods — we have 
chiefly to con sider the use of the complex fats, albuminoids, and 
otlier organic compounds. We can make little use of the 
extensive tables of calorific properties of foods which, however 
important for determining capacitj for suppljing energy, 
afford little insight into the plastic properties of the food — 
its importance for the growth of dry substance or the imbi- 
bition of water. 

The difficulties in the way of feeding animals upon known 
nutritive solutions are great, both because solutious are not 
their normal food, and because, in the čase of water organisms, 
the bacteria introduced with the animals thrive better than 
they. Consequently the observations on nutritive compounds 
for animals are meagre. It will be best to consider them 
under the types upon which they have been made. 

Amceba. — We owe important studies on the foods of Amoeba 
to the fact that some species have a pathogenic importance. 
Cultures of them have therefore been made by bacterio- 
logical methods. It is found that various, even innocuous 
kinds, will grow upon egg albumen in distilled or phenylated 
water kept at about 15*^ C. (Crivelli et Maggi, 70, '71; 
MoNTi, '95), upon agar-agar sheets from which the soluble 
substances have been removed by repeated washing in distilled 
water (Beyerinck, '96), upon*'Fucus [Chondrus?] crispus'* 
(Celli, '96), or upon slices of potato (Gorini, '96). It is 
thus clear that, in addition to salts, Amoeba needs only a very 
simple nitrogenous diet. It is, however, uncertain whether 
the amceba feeds directly from the organic food stuff, or indi- 

rectly upon the bacteria which grow 
upon the food supplied. 

Infusoria. — A beginning has been 
made in the study of this group by 
Fio. 90. — Poiytoma nvoUa, Ogata ('93), who reaied pure cultures 

a flageiiate infusorian. ^f ^he flagcUate Polytoma uvella (Fig. 

(From Vkbworn, 95.) ^^. , . ^ . • i. i i.* 

90) on plates of nutnent gelatme 
(which is extremely rich in protein) and also upon a medium 
composed of 500 ccm. meat bouillon, 12.5 grammes grape 
sugar, Und 250 grammes of a Japanese mixture of algae called 
"nori," derived mostly from the species Porphyra vulgaris. 
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The mixture was cooked, neutralized, filtered, sterilized, and 
infected with the flagellates, which had been isolated by means 
of capillary tubes. Here again growth was supported by 
simple, definite foods. 

Amphibia. — It is a great leap f rom Protozoa to vertebrates, 
but precise feeding experiments are almost lacking in the 
invertebrate Metazoa. In the present group come the pioneer 
experiments of YuNG ('83). This author fed a number of 
tadpoles derived from the same batch of eggs upon foods of 
various kinds in unlimited quantity and under otherwise 
similar conditions. After forty-two days the size of the tad- 
poles in each lot was measured and the following results were 
obtained : — 

TABLE XXXIII 

RE8ULTS OF PfiEDINO TaDPOLES ON VaBIOCS SuBSTAVCES 



No. OF Vkmiei» 


1 


2 


3 1 4 


5 


6 


f 

KiNM OP J 

Food. 1 

1 

1 


Aquatic 

Plantr : 

Anacbabis 

AND 

Spiboovba. 


ALBUMiNorn 
E«o En%b- 

LOPI OP 

Fboo. 


Pisrn OP 

YoLK OP 
IlKNrt £OG. 


ALBrnCN 

OP HemV 
Egu. 


PlKTBS 
OP FiSH 

Flbmii. 


PlBTB 

OP liEsr 
Flcbb. 


Length of 
tadpole 

Breadth of 
tadpole 


18.3 
4.2 


23.2 
5.0 


26.0 
5.8 


33.0 
0.0 


38.0 

8.8 


43.5 
9.2 





It will be observed that the importance for growth was not 
proportional to the ealorific properties of the respective foods, 
for the yolk of the hen'8 egg has about 40% higher fuel value 
than dry egg albumen or dry flesh. The least gro\vth oceurred 
with a plant food which is relatively rich in carbohydrat4?s, and 
has some protein and little fat ; the third greatest growth 
oceurred with the yolk, which has more fat than protein ; next 
comes egg albumen, with more protein than fat ; and, finally, 
fish and beef flesh, charaeterized by their high percentage of 
nitrogenous matter. The tadpole grows fastest on a highly 
nitrogenous diet. 
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Additional eiperiments upon the frog'8 egg have been made 
by Danilewsky ('95), who found that such eggs placed in 
water containing ^g^^^ of lecithin gained in 54 days 300 9^ 
greater weight than those reared in pure water. The author 
believes, however, that this small quantity cannot act in a 
directly nutritive manner but, rather, that it favors in some 
way the assimilation of food. 

Mammah, — The requirements of agriculture have led to 
numberless experiment8 upon the feeding of domesticated mam- 
mals. Tet they are for the most part of little value for our 
purpose. A few of the better class of experiments from our 
point of vievv may be given, together with such conclusions as 
they permit. 

Years ago, Lawes and Gilbert ('53), from extensive feed- 
ings of sheep and pigs, upon diverse foods, reached the conclu- 
sion that those "apparently grew more where, with no defi- 
ciency of other matters, the nitrogenous constituents were very 
liberally supplied. Hence, the gross increase obtained might 
be somewhat more nitrogenous with the large supply of nitrog- 
enous food ; but it would in that čase, according to some 
experiments of our own, contain a larger proportion of water» 
and less of solid matter, than where more fat had been pro- 
duced." More recent studies made on various domesticated 
animals tend to confirm these results. A mixed diet with an 
abundance of nitrogenous food permits of greater growth than 
an equal quantity of food of one kind, or mixed food in which 
the nitrogenous constituent is scant. Growth tends to 
increase with the quantity of nitrogenous food rather more 
closely than with that of the non-nitrogenous food devoured. 

This conclusion is sustained by the striking results gained 
by Prosher ('97) in investigating the cause of the varying 
percentage rate of growth of dififerent mammals. The rela- 
tion between growth and the percentage of the dififerent 
organic and certain mineral constituents of milk is given in the 
f ollowing table : — 
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TABLE XXXIV 

ShOWINO FOR VaRIOUB MaMMALS THE TiMB RBQUIHED TO DOUBLE THE BlRTH- 
WEIGHT, THE FeRCENTAGE OF DlFFERENT OrGANIC CoNSTITDENTS IN THB 

Milk, and the Relative Quantity of Albdmen, Calcium Oxide, and 

PhOSPHORIC AcID in THE MiLK OF THE DiFFERENT SpECIES — THE QCAN- 

TiTY IN Man being taken as THE Standard 



1 


2 


3 


4 


5 


6 


7 


8 




Relativb 

TlMK TO 
DoUBLK 

Weioht. 


% 
Fat. 


% 

SlOAB. 


% 

ALBrMEV. 


Relativb 


Rblatitb 


Rblatits 


8pbcix8. 


QrAimTT 
Album EN. 


QUAKTITT 
C«0. 


QrAKTrrT 


Man 


1 


3.5 


6.6 


1.9 


1.0 


1 


1 


Horse .... 


i 


1.1 


6.1 


2.3 


1.2 


4 


3 


Ox 


i 


4.5 


4.5 


4.0 


2.2 


5 


4 


Pig 


A 


0.9 


2.0 


6.9 


3.7 


<-~ 


— 


Sheep .... 


A 


10.4 


4.2 


7.0 


3.8 


8 


9 


I>og 


i4 


10.6 


3.1 


8.3 


4.45 


14 


10 


Cat 


A 


3.3 


4.9 


9.5 


5.1 


— 


— 



From this table it is clear that there is a close relation 
bet\veen rate of growth and the percentage of alburaen only 
among the organic substances of milk. This relation is best 
brought out by comparing columns 2 and 5. The last two col- 
umns show a close relation between growth and the quantity 
of calcium and phosphorus in the milk. But of the organic 
substances the quantity of the nitrogenous compound deter- 
mines the rate of growth. 

3. Growth as a Response to Stimuli. — Hitherto we have 
regarded the process of growth in too mechanical a way, as 
though certain nutritive compounds, passing into a chemical 
mili, were inevital)ly transformed, at a certain rate, into proto- 
plasm or formed substance. We have now to recognize that 
the growth processes are essentially rital processes, and, as 
such, characterized by ali that complexity which we find in 
such a vital process as res[>onse to stimuli. 

a. Accelerafion of Groicth hy Chemical Stimidants. — Many 
chemical agents which are not themselves f(M)d may stimulate 
the growth processes. \Ve have already seen (p. 51) how 
certain poisons cause, in dilute solutions, accelerated move- 
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ments and heightened metabolism. To the cases previously 
given may be added the experiment8 of Schulz ('88), who 
fouiid that various poisons, such as corrosive subliraate, iodine, 
bromine, and arsenious acid, increase the activities of yeast in 
fermentation. It is not strange, therefore, to find that poisons 
may, at a certain concentration, accelerate growth. That they 
do so follows from the experiments of Richards ('97), who 
reared the molds Aspergillus, Penicillium, and Botryti8 in 
nutritive solutions to which had been added small quantities 
of zine sulpliate, other metallic salts, cocaiue, morphine, and 
other alkaloids. After five to se ven day s Aspergillus, reared in 
nutritive solutions in which sugar was the organic compound, 
had gained the foUovving dry weights (in milligrammes). 
In aH the experiments, except those in the column headed 
" Control," the solution contained certain non-nutritious sub- 
stances in from 0.002% to 0.033% concentration. 



TABLE XXXV 
Showin6 the Total Drt Weight in Milligrammes op a Crop of Aspbh- 

GILLUS REARED IN THE AbSENCE AND IN TIIE PrESENCE OF VaRTINO 
QUANTITIES OF IrRITATINO SuBSTANCES 



Substance. 


Control. 


0.003% 


0.004% 


0.008% 


0.016% 


0.033% 


ZnS04 


335 


730 


760 


765 


770 


715 


NaFl 


250 


565 


405 


340 


270 


245 


NasSiO, 


350 


520 


575 


450 


435 


380 


C0SO4 


245 


405 


350 


235 


170 


75 


Cocaine 


280 


410 


320 


350 


390 


540 


Morphine 


100 


156 


170 


140 


210 


215 



It is clear from this table that the addition of even small quan- 
tities of innutritious and poisonous substances may so excite 
the hylogenic processes as to cause twice or even far more than 
twice the normal formation of dry substance in a given tirne, 
and that this excessive growth increases with the concentration 
of the salt up to a certain oj)timum, beyond which growth 
declines again to below the normal. Similarly TowNSEND 
('97) has observed that a scedling living under a beli jar 
whose atmosphere contains a small quantity of ether grows 
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faster than one under similar conditions but withoiit ether. If 
the plant is subjected to an increased quantity of ether, growth 
is retarded. The eflfect of these poisons is thus very dififerent 
from that of nutritive substances ; it is due to the irritating 
properties of the poison. 

6. The Election of Organic Food, — Not ali of the food-stuflf 
presented to the organisra is utilized by it — neither, on the 
one hand, ali of the kinds of food, nor, on the other, ali of the 
food of the most acceptable kind if offered beyond a certain 
amount. There is an election of kind and of amount. A 
8tudy of an election of kind has been made by Duclaux ('89), 
and, especially, Pfeffer ('95). The method employed wa8 
this : To the organisms (various- molds, Aspergillus, Penicil- 
lium, etc.) were oflfered two compounds ; one more nutritious, 
the other less so. Under these circumstances, the more nutri- 
tious compound was usually taken by the organism, while the 
less nutritious wa8 often left entirely alone ; thus, dextrose 
was preferred to glyeerine, peptone to glyeerine, and dextrose 
to lactic acid, even when, in each čase, the quantity of the 
latter substance was in excess of the former. The election 
wa8 not, however, always of the more nutritious material, so 
far as we can judge of relative nutritiveness. Thus, when 
Aspergillus was sown on a nutritive fluid, containing 8% dex- 
trose and 1% acetic acid, proportionally far more of the latter 
was assimilated than of the former, although the latter is of 
less value as food, as was 8hown by the fact that the plant had 
also to devour a considerable quantity of the dextrose. This 
extensive assimilation of a 8lightly nutritive substance is not» 
so far as we can see, an adaptive process. 

The character of the election may change with age, so that 
what is favorable for growth at one time is not at another. 
Thus DucLArx ('89) found that alcohol restrains or arrests 
the germination of the spores of molds, whereas it is made use 
of almost as abundantly as sugar by the adult plant ; so, like- 
wi8e, lactose and mannit cannot nourish young plants when 
they replace sugar in tlie nutritive solution, whereas they are 
a good food for the older plants. 

So, also, among vertebrates, the food of the young, supplied 
in the egg or in the milk of the parent, is very unlike that 
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which is most favorable for growth in later stages. So impor- 
tant is this difference of food at different ages that agriculturists 
persistently change the ratio of the diflferent foods supplied as 
their animals increase in age. The reason for this change in 
food required lies doubtless in this, that the chemical processes 
of growth change with the age of the animal ; at first imbi- 
bition of water predominates, then comes the secretion of the 
various formed substances of the organism and the constant 
maintenance and increase of the plasma. The most favorable 
food of an organism at any time is dependent upon the 
metabolic processes going on at that time. 

The election of quantity is not less striking. It is well 
known that an increase above a certain limit in the amount of 
food presented to an organism or even actually taken in to its 
body does not result in any increase in growth. There is a 
certain amount, fixed within broad limits, which corresponds 
to a maximum of nutritiveness. This amount, this feeding 
capacity, is not, however, necessarily constant at aH stages of 
the adult growth of the organism. For it has been observed 
in certain animals, e,g, pigs, that as they grow older there is 
a steady increase in the amount of food required to produce a 
pound of gain in weight. Such facts serve to indicate that the 
rate of growth is largely determined by internal factors. 

Let us now summarize the results of this study of the eflfect 
of chemical agents upon the rate of growth. Of foods, those 
used in the plastic processes are chiefly to be considered. The 
substances serving as plastic food must contain aH the elements 
normally occurring in the organism. These are found in di- 
verse proportions in dififerent organisms, and hence the neces- 
sity of dissimilar foods. Not only carbon, oxygen, hydrogen, 
and nitrogen are necessary, but a wliole series of other elements, 
such as phosphorus, sulphur, chlorine, iodine, sodium, potas- 
sium, calcium, iron, and magnesium are more or less essential. 
The organic plastic food varies wit]i tlie group of organisms. 
Of relatively little importance for green plants, it becomes 
essential to fungi. In this group we finfl the most important 
character of a nutritive substance to be a certain degree of 
lability. Among animals a mixed diet is especially beneficial, 
but nitrogenous food favors growth more than non-nitrogenous 



§2] UPON THE DIRECTION OF GROWTH 385 

food. Finally, growth must be studied as a response to chem- 
ical agents which may stimulate the protoplasm to absorb and 
assimilate them to the degree required by the orgauism, or 
which may stimulate the protoplasm to absorb some other sub- 
stances, as we have seen in the čase of zine sulphate. The 
quantity and quality of food needed will, moreover, vary with 
the age and other qualities of the organism. The consumption 
of food both in quantity and in quality will be clo8ely deter- 
mined by the demand. AU these complexities in the process 
of nutrition indicate that it, like other processes in organisms, 
can only be explained on the assumption of a vastly complex 
molecular organization of the protoplasm. 

§ 2. Effect of Chemical Agents upon the Direction 

OF Growth — Chemotropism 

One of the most common processes in the early development 
of organ isms is the turning or bending of a filament, tubule, or 
lamella. The cause of this turning is clearly an unequal 
growth of the two sides of the organ. When the bending 
organs are internal, their moveraents are largelv removed from 
experimental 8tudy ; \vhen external, as in plants, they more 
easily lend themselves to our investigation. The object of 
this investigation is always to find in how far the direction of 
these tropic movenients is determined or is determinable by 
external agents. 

In the present section it is proposed to consider in how far 
tropic movements are determined by chemical agents. At the 
outset it must be said that the growth which gives rise to these 
bendings is frequently due to imbibition of water ; and in such 
cases it may be only temporary. Yet these temporary bendings 
pass by such insensible gradations into permanent ones that a 
sharp distinction bet\veen tlie tw(> is impracticable and unim- 
portant. Rejecting such a classification of the subject, we may 
adopt one based on the tropic organ. 

1. Chemotropism in the Tentacles of Insectivorous Plants. — 
Tliis čase of chem()tro[)ism \vas the earliest to be observed ; it 
was Darwin (75, p. 76) who first called attention to it. He 
found that when drops of water or solutions of non-nitrogenous 
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compounds are placed upon the leaves of the sundew, Drosera^ 
the tentacles remain uninflected; but when a drop of a nitroge- 
nous fluid, such as milk, urine, albumen, infusion of raw meat^ 
šaliva, or isinglass, is placed on the leaf, the tentacles quickly 
bend inwards over the drop. Darwin now set to work sjs- 
tematically to determine which salts and acids cause and 
which do not cause inflection. Of nine salts of ammonia tried^ 
aH caused inflection of the tentacles, and of these the phosphate 
of ammonia was the most powerful. Sodium salts in generid 
cause inflection while potassium salts do not. The earthjr 
salts are in general inoperative, as are likewise those of lead, 
manganese, and cobalt. The more or less poisonous salts of 
silver, mercury, gold, copper, nickel, platinum, and chromic 
and arsenious acids produce great inflection with extreme quick- 
ness. Other substances which caused inflection were nitric, 
hydrochloric, iodic, sulphuric, phosphoric, boracic, and many 
organic acids ; gallic, tannic, tartaric, citric, and uric acids 
alone being inoperative. In aH these cases, where a bending 
of the tentacles over the drop occurs, the turning must be 
regarded as a response to the stimulus of the chemical sub- 
stance. An excitation proceeds from the irritated region to 
the protoplasm upon whose imbibitory activity the turning of 
the tentacles depends. 

2. Chemotropism of Roots. — Attention was directed to the 
fact that roots turn towards or from chemical substances by 
MoLiscH ('84), who experimented with gases. When grains 
of maize or peas are sprouted in water, their roots will tura 




Fio. 91. — Seedlin^ of Zen^ whose radicie ori|^nal1y was jnst toaching the water 
obliqaely w'ith its apex and thereafter nutated in characteristic fashion, keeping 
close to the air. (From Molisch, '84.) 
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upwards totvards the surface of the water — in reaponse to the 
more abundmit oxygen 8upply tbere (Fig. 91), and wi]l groiv 
aloiig the surface of the water, MoLiscH undertook a sy9- 
tematic investigation of the action of various gases iii eou- 
trolliiig this growth, 

Tlie raetliod employed wn8 as folIows; The gases were enclosed in gUss 
Tossela who8e [noiith wafl closed by a, plate of hard rubber perforated by 
slitH, 2 cm. long by 2 mm. broad. The vessel being laid on its side so thut 
the slits were vertic&l, the rootlet of a ger:iiiaating graiu wem placed in front 
of it. Ab the gas diSused from the vesael, it nas for scime tirne \a ezcess 
upoD one aide of the rootlet. The gaaea experuuented with vere pure 
oxygen, pvrogiLilic acid, nitrogen, carbon dioside, chloriiie, hydrochloric 
acid gaa, ilhimiiiating gas, ammonia, nltrous oxide, ether, chloroform, and 
oil of turpentine. 

In ali caaes there occurred, generally after about an hour, a 
turning of the root towards tlie gas (positive aerotropism, 
MoLlBCH), foIlowed by a niarked curvature from the slit (neg- 
ative aerotropism). Since decapitated roota respond in the 
eame way as intact ones, but In less degree, Moli»ch con- 
cluded that the gasea affect the growing regiou directly and do 
not reqnire the intetvention nf the root-tip. 

3. Chemotropism of Pollen-tubes. — The suggestion was early 
made by PpEfrER ("83 >, as a conHequence of his di8Covery of 
chemotaxi8 in srearra-spores, that perhaps the hending of the 
antheridiuin-tube of Saprolegnia tovvarda the oogonium wa8 a 
caae of response to a chemical agent. Strasbchger ("86) 
offered a siniilar suggestion for phanerogama. Pfefker ('88) 
then made experiments, but wa« unahle to control the direction 
of growth of pollea-tubes. Molisch ('89 and '93) was next 
led to undertake further 8tudy in this direction by the obser- 
Tation that. when various pollen-grains are germinating in a 
nutritive drop and a cover-glaas is placed over theni, the pollen- 
tubes. after approaching near to the e(Jge of the cover-glaas, 
turn awaytowanls tlie centre agajn (Kig. 92, n, A), The move- 
ment from the raargiu of the cover-glass cannot be ascribed to 
a difference of density prodiiced hy evaporation at the margin, 
for it occurred in a saturated atmosphere ; nor can it be due to 
surface tension of the bounding film of wat«r, for the turning 
occurred before the aiivface film »as reached, These resulta 
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were abundantly eonfirmed by Mitoshi ('94'), so we must 
conclude that the pollen tube ia negatively aerotroi>ic to oxy- 
geii. Hovvever, this negative aerotropism does not occur in aH 
pollen, for that of Orobus vernus and various otber legumes. of 
Primula acaulis, Viola odurata, V. hirta, etc., were indifferent. 




FlQ.93. — ninatrfttsBehemotTOpisniof poUen-lubes. a. NeRative cheraotroplim wlth 
reference to the Rlr (avrolroplsm) nt pnilen-tubea ot Narclssus tazettn ; the tub«B 
ar« gtovrlatc under a. cover-jilass iii a 1% aUKac solutlon Aiiil tlim at tbe edgo, a, b, 
Irom the ftlr; mnjtnified aboul 20. 6. Negative aorotnipiam of poUen-tnbea o( 
Cephalanthera palleus, after 20 houra; a. b, ed^e ot caver-glass. c. Stfgma of 
Narc1asu9 tazetta in T% sugar Bolulion: pollea-tabea grovr ton-ards tbe atlgma; 
magulfied about 10. <From Molisch. '03). 

A second class of chemotropisms is seon in the tuming of 
poUen-tnbea to\vards tlie stignia of a flover." When pollen is 
80wn upon a plate of agar-agar or gelatine on which the upper 
end of a ripe pistil haa been placed, the tubes are sent out in 



• MoLrscH ttccounta (or the fallure of some of the earlier eiperiments irith 
pollen-tubes on the gmund that certaiii pollen-tubes do not exbibit thia claas of 
chemotropism. Among theae are Viola odorata, V. hirta, Orobus vernus, etc. — 
HpFCies which aie likewise not a^rotropic. 
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ali directions at first, but quickly grow to\rards the pistil 
(Fig. 92, c). MiTOSHi ('94*) found that the top of the pistil was 
most attractive and that lower sections were less so until the 
ovary is nearly reached, when the attraction is high again. If 
the ovules of Scilla are placed on the plate of agar with its own 
pollen, the pollen-tube will even grow into tlie niicropvle of 
the o\Tile. Pollen-tubes of a diflferent species or even genus» 
€.g. Dier\'illa rosea, Ranunculus acer, etc, mav likewise enter 
the Scilla o\'ule, and even hvphae of Mucor stolonifer will turn 
towards the ovules and penetrate into them. Thus the attract- 
ing stuff is not a speciiic stimulant confined in its aetivitv to 
one kind of pollen-tube nor even to pollen-tubes in general. 

The nature of the attracting substance has been studieil by 
MivosHi. Glueose is certainly present in the fluid exereted 
by the ripe stigma of many phanerogams ; and, if the agar-agar 
substrat um contain a 2% solution of cane sugar, there is no 
longer chemotropism \vith reference to the ovule, since no\v the 
attraction is not confined to a particular point. So it mav be 
concluded that it is the sugar of the ovule or stigma which 
attracts the pollen-tube and that the excreted fluid contains 
about a 2% solution. Consequently, the chemotropism of 
pollen-tubes may be only a special čase of chemotropism to 
sugar. 

Further experimentation confirmed lIivosHi ('94) in this 
conclusion. Using the method emploved by him in the čase of 
hypha5 (p. 340), he injected Tradescantia leaves with various 
Solutions and so\ved poUen of Digitalis purpurea upon the 
leaves. \Vhen pure water was injected there was no eflfect, 
but the substances named in the follo\ving list attracted the 
pollen-tubes so that thev grew down through the stomata into 
the leaf : — 

cane sugar . 2-8% levulose . l^o (slight aetion) 
grape sugar, 4-8 9}) lactose . 1-2% (" slight ") 
dextrin . . 1-2% 

The f()llowing solutions were neutral : — 

maltose 1% asparagin ... 2% 

meat extract . . . glvcerine . . . 2-o% 

peptone gum arabic . . 2^ 
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The following were repellent : — 

alcohol .... 0.1% potassium sulphate . 1% 
ammonium sulphate, 1% sodium malate . 0,5-2% 

It will be observed that ali the attracting substances are 
sugars. 

4. Chemotropism of Hjphae. — While varions authors had 
noticed an apparent movement of hjphse towards eei*tain 
ehemical agents or towards their hosts, the earliest sjstematic 
observations upon this subject are those of Wortmann ('87). 
He placed flj-legs and other nutritive substances in Saprolegnia 
eultures and noticed that the hjphie left their original direc- 




Fio. 93. — Negative chemotropism of a hypha of Peziza trifoliorum from the secre- 
tions of a mycelium of Aspergillus niger. (From Kbinmabdt, *92.) 

tions to grow straight towards the food substance. Later 
Reinhardt ('92) showed that hjrphse of Peziza may be lured 
out of their straight direction by spores of Mucor placed near 
them ; or, again, if a plate of gelatine rich in sugar be placed 
above a plate of pure gelatine upon which hyph8B of Peziza are 
growing, aH hjphse will send up branches to meet the more 
nutritive surface ; or, again, if Aspergillus niger, whose secre- 
tions are fatal to Peziza, is placed near the latter, the hyph© 
cease to grow at a distance of about 2 mm. from the Aspergillus 
and then send out shoots which grow away from the injurious 
substance (Fig. 93). 

The most exhau8tive studies on this subject are, however, 
those of MivosHi ('94), who worked with germinating spores 
of Mucor mucedo and M. stolonifer, Phycomyces nitens, Peni- 
cillium glaucum, Aspergillus niger, and Saprolegnia ferox. 
Perforated membranes were employed, either in the form of 
plant epidermis with stomata or of coUodion films perforated 
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by a fine needle point. The solutions were injeeted into the 
leaf of Tradescantia, spores were 80wn upon its stoma-bearing 
surface, and the whole was kept in a moist chamber. If the 
solution wa8 attractive, the growing hjrphse penetrated into the 
stomata, whereas*in the absence of the solution they showed no 
tendencj to do so. Similarlj, spores sown on the perforated 
plate sent hyph8B downwards through the holes when the plate 
was floatiug on attractive solutions, but not otherwi8e. Mole- 




Fio. 94.— Upper figure : Piece of the nnder side of a leaf of Tradescantia dlacolor 
injeeted with 2% ammoDitira chloride, and son^-n with spores of Mucor stolonifer. 
The young hjrpha; show cheraotropic tumings, and have eventiially penetrated 
into the stomata. l>rawn 27 houre after 80winf!^ the spores : maprnitied 100. Lotetr 
figure : Penicillium glaucum gTowing on tf leaf of Tradescantia, which has been 
injeeted with a 2% solution of cane sn^ar. The hypha' liave branched, and the 
branches have penetrated into the stomata. Drawn 25 hours after sowiog the 
spores; magnified 70. (From Mttoshi, '{H.) 

cules diffu.sing out from the solution through the openings 
determine the direction of the growing hvphjp, so that from aH 
directions hyphie grew radially toward8 the openings in the 
membranes (Fig. 94). 

To prove that the result gained wa« tnilv cliemotropism, 
and not something eLse, a series of experiinent8 wa8 made. 
That it wa8 not a response to pravitv was 8ho\vn by 80wiiig 
the spores l)elow as well as on top of a leaf : that it was not a 
response to liglit or moisture wa8 shown by keeping the cult- 
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ures in a dark, moist chamber ; in both cases, the chemotropic 
responses occurred. That contact wa8 not the determining 
factor was shown by placing above and below sheets of perfo- 
rated coUodion a layer of 5% gelatine, deprived of calcium 
salts, which are attractive. One of these lajers was fertilized 
with grape sugar, the other remained sterile. The spores were 
sown sometimes in the sterile, sometimes in the fertile layer of 
gelatine ; in the former čase, the hjphae always grew (up or 
down) into the sterile layer ; in the other čase, they remained 
in the fertile layer. If both gelatine layer8 were sterile, or if 
both were equally fertile, the hyph8e did not grow through the 
holes in the membranes. Not the holes, but the stuff diffusing 
from them, determined the direction of growth of the hyph8e. 

There is a close relation between the chemical constitution 
of the agents and their effects. The following substances 
are attractive: compounds of ammonium (ammonium nitrate, 
chloride, malate, tartrate), phosphates (of potassium, sodium, 
ammonium), meat extract, peptone, sugar, asparagin, lecithin, 
etc. The follovving are neutral : glycerine and gum arabic (1 
to 2%). The following are repellent : ali free inorganic as 
well as organic acids, alkalis, alcohol, and certain salts, e.g. 
potassium-sodium tartrate, potassium nitrate, calcium nitrate, 
potassium chloride (2%), potassium chlorate (8%), magne- 
sium sulphate, sodium chloride (2%), ferric chloride (0.1%), 
phosphoric acid, etc. Comparing this list with that which 
Pfeffer and Stange tried on swarm-spores (Pt. I, pp. 36- 
38), we find that there is a rather close correlation. In both 
cases, glycerine (a good food) is neutral, alcohol repellent, 
phosphates attractive. As in the reaction of swarm-spores, so 
in those of hyph8e, Weber's law is followed. 

5. Chemotropism of Conjugation Tubes in Spirogjra. — 
This čase is closely allied to chemotropism of pollen-tubes. 
Attention was first called to it by Overton ('88), who 
observed that at the point where the tubes \vere about to arise 
bacteria accumulated from the surrounding water. From this 
phenomenon, and on other grounds, he was led to conclude 
that a substance is excreted at tliis point which exercises a 
directive influence upon the conjugation tubes, insuring their 
meeting. This conclusion has been confirmed by Haberland 
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('90), who finds additional evidence for it in the character of 
the turnings which the two tubes from the opposite cells 
undergo in order successfuUj to impinge upon each other. 

The resiilts of experimentation upon ehemotropism 8how 
that various substances may direet the gro\vth of such elon- 
gated organs as the tendrils, roots, and hjphse of plants ; so 
that greater growth takes plače on the side turned from the 
region of greatest concentration or towards it, as the čase may 
be. In many instances it can be shown that the direction of 
growth is on the whole an advantageous one for the organism 
— so that the directed growth may be considered an adaptive 
one. In other cases, however, the response seems to have no 
relation to adaptation. 

If that which controls direction is the unequal concentration 
of chemical agents in the medium, the immediate cause is 
excessive growth on one side, due to cKcessive imbibition or 
to excessive assimilative activity. The relation between these 
causes is doubtless complicated. The chemical agent acts 
upon the protoplasm, changing its molecular structure ; the 
changed protoplasm exhibits changed growth activities. Thus 
we say the cliemical agents act as stimuli. 
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CHAPTER XII 

THE EFFECT OF WATER UPON GROWTH 

We have already, in Chapter X, laid stress upon the impor- 
tance of the imbibition of water for the growth of both plants 
and animals. Here we may consider more in detail the rela- 
tion between growth and water, both as concerns the rate or 
quantity of growth and the direction of growth, or hydro- 
tropism. 

§ 1. Effect of Water upon the Rate and Quantity 

OF GU0WTH 

It naturally follows from what we know of the importance 
of water for growth, that the rate of growth will be closely 
dependent upon water supply. And as ali growth-phenomena 
have been better studied in plants than in animals, our further 
illustration of this fact will be drawn chiefly from the former. 

First, plant germination demands a certain minimal quantity 
of water. What this quantity is may be determined either by 
finding the least amount which will permit of normal germina- 
tion, or by measuring the amount absorbed by different seeds 
before protruding their radicles. This latter quantity has 
been 8hown by the careful determinations of Hoffmann ('65, 
p. 52) to vary from between 40% and 60% of the original dry 
weight, in the čase of various eultivated grains, to o ver 100% 
in the čase of various Leguminosae. 

In fungi, likeNvise, Lesage ('95, p. 311) has found that 
there is a hygrometric limit below which Penicillium spores 
will not germinate ; and that the interval elapsing before ger- 
mination begins is the shorter the moister the atmosphere. 

The method employed by Lesage is of wide applicability. The tension 
of the water-vapor fornied above a saliiie solution is less than that formed 
above distilled water ; and it diminishes in proportion to the concentration 
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of the solution. ludeed, to a giren solution of a particular salt, e.g. sodium 
chloride, there correspouds a constant hygrometric state, however much the 
temperature inay vary. This hygroinetric condition inay be calculated by 
the formula : 1 — na, where saturation is taken as unity, n equals the number 
of grainmes of sodium chloride dissolved in 100 grammes of water, and a is 
a constant factor, varying with the salt, and equal to 0.00601 in the čase of 
scdium chloride. The spores were reared in a moist chamber, who8e 
bottom was made by a plate f ull of the solution. 

The results of Lesage*s experiments are given in the fol- 
lowing table : — 

TABLE XXXVI 

Showino Interval in Dats elapkino before Germination wnEy Spores 
OF Pknicillium are kept in Moist Cuambers over Various Solutions 
OF SoDicM Chloride 



■ 





21^ 


21^ 


26^ 


SO-SS^ 


Interval . . . 


1 


6 


9 


11 


No germination after 171 day8 





From these results it follows by ealeulation that the spores ger- 
minate at the hygroseopic state of 0.82-0.84 or over, but not 
below this limit. 

The foregoing eases, taken from the two principal groups of 
plants, agree in showing that a certain amount of water is 
essential to the revival of the metabolic activities whieh are 
preliminary to germination. The large quantity of water 
absorbed by the seed or spore affords the mechanism or tlie 
stimulus to gro\vth. 

Also, in the later stages of plant growth, the water both of 
the atmosphere and of the soil is essential. The importance of 
atmospheric moisture was 8hown by Reinke ('76), who com- 
pared the size of the leaf-stem in different hygrometric condi- 
tions. 

The method of measuring was as follows : a young potted Datura (one 
of the Soianacea^) was placed so that the lower half of one of its stems was 
horizontal. A fine platiiium wire, suspended from a standard above, hung 
verlicallv near the stem, and made one tnrn around it. The lower end of 
the wire carried a 2-gramme weight. That part of the wire which sur- 
rounded the stem was protected by a laver of tiufoil. As the stem swelled 
or grew thinner, the weight rose or fell. The vertical oscillation of the 
weight measured the variatiou in circumferenoe of the stem. 
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It appeared that as the atmospheric moisture iucreased, a 
considerable increaae in the crosa-seciion of the stem fonowed ; 
and as it diminished, the size of the Htem diminished Ukewiae. 
The reaults are graphically giveh ia Fig. 95. 




Fio. 96. — Curve o( Krowth In thicknpBS of a DntiiTa Btem, ,W-Jf, coirelate^ with 
TBiiatlona ia relntire huiuldil^, H-H, the temperatnre T-T remalnlDK neatljr uni- 
form. The part o[ the carre fnllln); 1je1nw 0-0 lodirales los8 of Ihlckness below 
the normid. The abscUs« reptesent bours. (Frora Rbinieb, 76.) 

These esperiments have been repeated by Francis DABwm 
('93) upon the fruit of a gourd, Cucurbita, whoae growth Is 
little influeiiced by variatioiis in temperature. He determined, 
by means of a delicate micrometer apparatus, the average incre- 
ment in microns per minute ; and, at the same tirne, by meana 
of a dewpoint thermometer, the moisture of the air. The 
relation between rate of growth and p8ycl»ometric readings is 
best 8ho\vn graphieiilly, as in the curves of Fig. 96. The 



.. -iK- 


at\ _, .±.-. 


.i^ ^C- J-" 







Fio. 98.— Cprveof diameterof fruit of Ciipurblta (tnll line) correlated irithTaiia- 
tion In humidltf (broken line). The abscUsce represent honrai the ordlnates 
Kprenent f;rowth in fi per mlnnte (nnmbert i<n ibe left) and per centa of hnmldit; 
(nombers on the right). (From Dabwih, '!i3). 
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figure 8how8 plainly hoTV, in general, an increment or a decre- 
meut in one of the8e quantities is accompanied by a eorre- 
sponding change in the other. 

The cause of this relation between changes in volume and in 
moisture i8 partially explained by considering the quickness 
with which increased growth follows inereased moisture. It 
is undoubtedly due, as Tschaplowitz ('86) has suggested, to 
the diminution in the transpiration of the plant in moist air as 
eompared with dry air. The change in the rate of transpira* 
tion is, however, not to be conceived as an immediate physical 
result of the change in moisture, but as a response to the stim- 
ulus of greater or less water in the atmosphere. 

The amount of water in the soil also has an important influ- 
ence on the rate of growth. Quantitative studies on this well- 
kuo\vn fact were afforded by Hellriegel, \vho reared barley 
in soils which contained various fractional parts of the satura- 
tion quantity. Giving his results in the form of a table, we 
have the following relation between the humidity of the soil 
and the amount of dry matter produced, after a certain number 
of days, in the grain and in the chaff : — 

TABLE XXXVII 



IIi*iftnrrv i\T j^oir^ 


I*BODCCTIOX, 1!« I)BY MaTTICB. 




GnUns. 


Chaflr. 


80% 

«0 

40 

30 

20 

10 


8.77 
9.90 

10.51 (Max.) 
9.73 
7.75 
0.72 


0.47 

11.00 (Max.) 
0.04 
8.20 
5.50 
1.80 
0.12 


o 





The principal eonclusion that one caii draw from this table is 
tliiit there is an optimum humiditv of the soil for growth, 
whicli is not, however, the same for ali organs. 

More extensive researclies upon this subject have been made 
by JuMELLE CH1>), wlio Rtudied chieflv the effect of \vater 
upon the growth of the various organs of tlie plant, and b^ 

2a 



S54 



THE EFFECT OF WATER UPON GROWTH [Cn. Xn 



Gain ('92, '95), who studied the effect upon the entire plant, 
80. that his resiilts are of especial interest here. 

Gain planted seeds of various species in sand to which a little garden 
loam had been added. He was caref ul either to select seeds of equal size or, 
after sprouting had occurred, to weed out ali but the normal, medium-sized 
ones. In one set of experiments, the soil contained from 3% to 6% of 
water; in the other, from 12% to 16%. 

Gain found that the entire plant grew faster in the humid 
than in the dry soil, as the accompanying diagram, Fig. 97, 




IMAV 



1 JUNE 



1 JULV 



Fio. 97. — Curves of f resh weight of two similar seedlings of flax, one growing in 
moist, the other in dry, soil. The maximam weight (M) gained by the plant 
differs in the two cases, and aiso the tirne of gaining that weight. F, Ume of 
flowering ; /m, tirne of fructification. (From Gain, '95.) 



indicates. The aerial parts of the plant are more affected than 
the subterranean. The ratio of growth of plants in moist soil 
to those in dry varied from 1.12 (radish) to 2.33 (bean). 
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Among animala the importance of moiature for the growiiig 
jouDg is indica.ted by the faet that even in speciea livmg on 
the liiml or in tlie air the eggs and larvie are freqiiently con- 
fined to moist situations, as in puLnionate gasteropods, in niaDy 
ins^cts, and in reptiles. When this is not the čase, the eggs 
are p ro vide d with thick, water-contaiDing envelopes. as in 
birds, or are placed on succulent leaves, or in speoial fluid- 
filled receptaeles, as in many insects. Only rarely, as (or 
example in the caae of the nieal worin, Tenebrio, and the Oer- 
mestidffi, are the young found gro\ving in a very diy medium. 
Doubtless in auch cases the aniount of water reiiuired for 
growth is lesa than in the cases where the larvaj develop in 
moiat situations. 

To summarize, a minimal quantity of water is esseutial to 
gerniination and growth ; and above this Umit gronth pro- 
ceeds more rapidly with the increase in water up to a maxi- 
mum which varies with the species. 

§ 2. Effect of Watek on the Dieectios of Geowth 
— hvurotkopism 

A grotting organ, 8uch tus a leaf, root, or stolon, ia uormaUy 
in a condition of turgescence, as a consetinence of the imbibi- 
tion of water. So long as the turgidity ia equal ou the two 
sides of the organ the latter retains its nonnal position. H 
tlie turgidity ia diminished on one side, the organ bends 
toward8 that side ; if it is increased on one side, the organ 
bends from that side. Thus. variations in celi turgidity cause 
cbanges in the position of organs. 

This inequality of turgescence on the two sides of an organ 
may arise in a homogeneous atmosphere ; for certain organs 
have the capacity in a dry atmosphere of losing water on one 
side faster than on the other, and in a moist atmosphere of 
becoming more turgeseent on one side than on the other. Cnn- 
aequently, the organ assumes a chftracteristic position aceord- 
ing as the hygroscopic condition cf the atmosphere is high or 
low. Such hygro8copic movenipnts are of wide occurrence 
among plants, and are often highly adaptive, We see them, 
for exatnple, in the folding of vegetative parts of the so-cnllcd 
ReauirectioD Plant of California (Selaginella lepidophyUa), by 
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wliich the whole plant is roUed into a bali capable of being 
transported by the wind, perchance to a moister region. 
These liygro8copic movements occurring in a homogeneous 
medium are to be distinguished from true hjdrotropism, for 
they are not properly growth phenomena. 

True liydrotropism occurs in growing elongated organs, such 
as roots or stolons, which grow from or toward a region of 
greater or less moisture. The observations on this phenom- 
enon have not been numerous, and are difficult to bring under 
one point of view ; consequently, we shall do best to clas8ify 
the cases studied on the basis of the organs considered. 

1. Roots. — The first studies upon hydrotropi8m in roots 
were made in the middle of the eighteenth century ; but they 
were crude and uncritical. The first adequate experiments 
were made by Knight ('11). He half-buried some beans in a 
flower-pot filled with earth, inverted the pot (in whieh the 
earth and seeds were retained by a grating), and kept the 
earth moist by adding water through the hole in the bottom of 
the pot. The radicles, instead of growing vertically down- 
ward8 as radicles normally do, ran horizontally along the sur- 
face of the moist earth. The same results were got by John- 
son ('29), who found in addition that if the mouth of the 
inverted flower-pot, or other seed receptacle, be placed in a 
moist atmosphere, the roots grow vertically downwards ; they 
are no longer turned aside by dry air. Then Duchartrb 
('56) discovered that when a seedling was grown in relatively 
dry earth, with its aerial part in a close, moist chamber, the 
roots did not penetrate vertically into the soil, but grew out 
horizontally, and even upwards. Sachs ('72) varied this 
experiment by planting his seeds in a basket made of netting, 
fixed to a metallic frame, and hung with its sides inclined at 
an angle of 45° with the horizontal plane. When the appa- 
ratus was placed in a damp chamber the radicles grew verti- 
cally downwards ; but in dry air they turned back towards the 
bottom of the sieve containing the damp earth, and ran along 
its under surface. Sachs called especial attention to the fact 
that it is the damper side which becomes concave ; and this 
shows that the turning is not due to direct physical causes. 

The second epoch in the study of hydrotropism now began. 
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The fact of its esisteDce being granted, the conditions of its 
occurrence were carefully stiidjed. Tbus Dar\vin ('80, Chap- 
ter III) investigated the locus of the irritable protopliism. 
Some of the joung beiin-radicles were coated for the distance 
of a mitliinetre or two from the apex with a mixture of olive 
oil and liimp black in order to exclude tbe moist air. Such 
8howed alnioat no hjdrotropic movements. Killing the tip hy 
caustic produced the same resiilt. Thus the terminal two 
millimetres or bo include the irritable protoplasm. 

This conclusion wa8 disputed l>y \VrE8SER ('81, p. 133) and 
Detlefsen ('82) on the grounds that on the one hand coating 
or killing the tip introduced abnnnnal conditions to wbich the 
failure of hydrotropi3ni might be ascribed, and, on the other 
hand, after the tip of the root wa8 cut off a curving might stili 
occur. However, a very careful review of the aubject with 
new experiment3 by Molisch ('84). a pupil of WlESXER. con- 
firmed DARWiN'a concluaion. Tlnis Molisch covered ali of 
the radicle escepting the tcniiinal 1 to 1.5 mm. with wet 
pajier. This upper part could then liardly be irritated by an 
unequal distribution of moisture in the eiivironment. Never- 
theless, when a strip of moist filter-paper wh)4 placed oppostte 
tbe tip the hydrotropic response occurred. Tbe response must 
tben have been due to a stimulus received exclusively at tbe 
tip, and it maj be concluded tbat the tip alone is stimulated 
by moisture. 

Noiv, atthough only a millimetre or two of tbe tip is irritable, 
the response of bending takes plače some distance, T to 28 mm., 
behind the tip. nearly in the region of maximum growtli. 
Thus sensitive and respoiisive regions do not coincide — there 
is a transmission of stimuli. The facts tbat the hydrotropic 
response occurs in the region of rapid growth and tbat at the 
minimum temperature of growtli response no longer occurs, 
indicate clearly that the hydrotropism of roots is not the result 
of mechanical loss of turgescence on one side, but that it is on 
the contriiry a growth phenomeiion — a localized growth which 
is a response to a stimuliis. 

2. Rhizoides of Higher Crjrptogams. — While it is a priori 
probable that the rbizoids of bepalics should react like tbe 
roots of phauerogams, Molisch desired to demonstrate tbe fact 



358 THE EFFECT OF WATER UPON GROWTH [Ch. XII 

by experiraent. Upon a gln^a disc waa placeil a piece of nioiat | 
filter-paper bo large that its edges huDg vertically do^nivardg 
as a flap beyond the margin of the disc. Thalli of various 
Marcbantiace^E! were placed in sand at tlie margin of the disc in I 
such a way tliat the young growing edge projected half a ■ 
centimetre beyond. The disc and the object on it were ex- ' 
poHcd to daylight, but slowly rotated in a horizontal plane in 
order to eliniinate phototropic action. The young, positively 
geotropic, rhizoids which developed beyond the margin of the 
disc did not grow verticaUy downwards, but turned toward8 
the fiap of moist filter-paper, thus proving that tliey are posi- 
tively hydrotropic. The same is doubtless true of the rhizoids | 
of ferns. 

3. Stems. — Very few studies seem to ha ve been made upoa | 
the hydrotropi3m of the atems of seedlings; the most impor- 
tant are those of Molisch. Several aets of experimenta wer6 
carried out upon seedlinga of flax, pepper-graas (Lepidium 
sativum), bean, Nicotiana caraelina, etc. The method employed 
wa8 nearly that of Wobtmann (see below). Of these plantB 
the hypocotyla of the flax alone shovved any hydrotropi8m ; it 
may aceordingly be concluded that stema are markedly hydro- 
tropic in but few seedliiigs. 

4. Polien-Tubes. — The reactions to moistiire of theae organa 
have beeu stiidied by MiVOSHi ('94). He placed poUen-grains 
on the stigma of the same spectes and found that whereaa in a 
dark, moist chamber the poUen-tubes grew in aH directions, 
when dry air was admitted the pollen-tubes turned toward8 the 
centre of the stigma. This turning is best explained as a 
response to the greater moisture siirrounding the mouth of the 
stigma. It is clenrlj- also an. advaatageous result, since it tends 
to direct the polien-tube to the ovary. 

5. Hyph8e of Fungi. — WUile Sachs (79) early suggeated 
that the sporangLuin bearer of Phycomyces nitena is negatively 
liydrotropic. the first esperimental evidence on this point was 
offered by Wortmann ('81). 

Spores of Phyconijces were sown on bread kept in a moist cliamber 
vhose wall3 were made opaque to prevent phototropistu. Wlieii, after three 
or four ddjs, some of the sporangium-bearera had gained a height of one or 
two centimetres ull were bent to one eide eicepting one 'n-hich protruded 
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through a small hole in the glass disc. Parallel to this hypha and close to 
it was placed a piece of soaked card. After 4 to 6 hours the hypha tumed 
from the damp card; but when the card was dry no such tnming occurred* 

The extraordinary sensitiveness of the sporangium bearing 
filaments of Phycomyces has been shown by the experiments of 
Errara ('93). He found that these organs tumed toward 
rusting iron, china-clay, agate (but not ročk crystal), and sul- 
phuric acid. He explained this result on the ground that 
these substances absorb the moisture in their vicinity. Con- 
sequently the hydrotropic filaments turn toward8 this rela- 
tively dryer region. So sensitive, indeed, is this plant that it 
may be used to detect a very slight difiference in the hygro- 
scopic properties of chemically related substances. 

Not only do the hyph{e of Phycomyces turn from moisture, 
but, as MoLisCH ('83) showed, those of Mueor stolonifer and 
the relatively great trunk of the toadstool Coprinus velaris 
respond in the same way. The spores are thereby carried 
away from the moist situation. 

In conclusion a word may be said concerning the cause of 
hydrotropism. It is probable that two diverse phenomena are 
confused under the term. One of these is seen when a multi- 
cellular organ like the root of phanerogams is unequally 
moistened on opposite sides ; the moister side will lose water 
less quickly than the other, or it may actually imbibe some. 
Its cells will accordingly become more turgescent and the 
whole moister side more convex. This result is due to a 
relatively direct, almost mechanieal, cause ; it simulates nega- 
tive hydrotropism, but it is so different in kind from the true 
phenomenon that it may be called false hydrotropi8m. 

In the second class of cases we see multicellular organs, such 
as roots, becoming concave towards the slightly moister region, 
or unicellular organs, such as rhizoids, poUen-tubes and hyphsB 
— organs which cannot be supposed to become unequally tur- 
gescent on the two sides — exhibiting a + or — turning. 
These cases cannot be explained on direct mechanieal grounds ; 
they are responses to stimuli, and, as such, examples of true 
hydrotropism. 

These two kinds of hydrotropism may occur in the same 
organ under different conditions and thus cause turnings in 
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opposite directions. Thus Wortmann ('81, p. 374) finds that 
a mjcelium growing downward8 toward8 water turns horizon- 
tally before touching it and branches profusely. Similarly a 
root^rowing towards water will not penetrate into it, but will 
turn to one side. The greatly increased moisture causes the 
reversal of the tropism, but this is probably due to the fact 
that a false hydrotropism replaces the true response ; however, 
as true hydrotaxis may take plače in both directions, so there 
may be a true negative as well as positive hydrotropism. 

\ I now summarize our conclusions concerning the effect of 
water upon growth. Water plays a part in growth second in 
importance to no other agent, so that in its absence growth 
cannot occur. As the quantity is increased, growth is increased 
until an optimum is reached. The amount imbibed does not, 
however, depend directly upon the amount available, but rather 
upon the needs or the habits of the species. Growth of elon- 
gated organs may take plače f rom or towards moisture, and the 
turning may be a true respoi^se to the stimulus of higher or 
lower aqueous tension, — a response which may show itself in 
a bending at some distance behind the irritable tip. This 
response is, moreover, often of an advantageous kind, directing 
the rootlets towards water and the pollen-tube towards the 
moist stigma or keeping the sporangium in the dry atmosphere 
necessary for the production of dry spores. In a word, imbi- 
bition of water and growth with reference to the source of 
moisture are regulated to the advantage of the species. 
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CHAPTER XIII 

EFFECT OF THE DENSITV OF THE MEDIUM UPON 

GROWTH 

In this chapter we cannot, as hitherto, consider the effect 
of densitj upon both the rate or quantity and the direction of 
growth, for no studies seem to have been made upon the latter 
subject. 

§ 1. Effect of Density upon the Rate of Growth 

We have seen in Chapter III (p. 77) that the increase or 
decrease in the concentration of a solution produces, by osmosis, 
changes in the structure of protoplasm, in its locomotion, and 
in its excretory aetivitj. It remains to be seen to what extent 
change in densitj can affect the metabolic activities concerned 
in growth. 

The relation between the rate of growth of plants and con- 
centration has been the subject of much study, e.g. by Wieleb 
('83), DeVries (77), Jarius ('86), Jentys ('88), Eschen- 
HAGEN ('89), and Stange ('92). It is agreed that, in general, 
as the solution containing the plant becomes more concentrated 
the seedling or the fungus ( Jentys, p. 455) grows more 8lowly. 

The question now arises whether there is any maximum 
concentration at which growth is completely inhibited. Data 
on this subject are given by Eschenhagen, who finds that 
various fungi will not grow at a concentration above the 
f ollowing limits : — 



Aspergillus . . . 
Penicillium . . . 
Botryti8 



Starch. 



53% 
65 

61 



Gltcebink. 



43% 

43 

37 



Sodi HM Nitrats. 
NaNO,. 



21% 

21 

16 



CoMMoir Salt. 
NaCl. 



17% 

18 

12 
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Also Raciborski (*96) found that Basidiobolus ouliiv^ited 
in a nutritive solution containing IO5& peptone« 15( |hrluo\^t$i\ 
and the necessair salts, ceased to grow when the co^ncentratki«! 
of the salts reached the following percents : — 

sodium chloride« NaCl, 6^. glvcerine, C,H#i>^ 20?t» 

potassium chloride, KNO^^ H^^- glucotse, C^HuO* ^2^%. 

The foregoing inayinnim coueentratioiis varv wiih the moIec* 
ular weights of the dissolved substanees, indioatiiig tliat their 
effect is purelv an osmotie one. 

Germination is likewise afifeeted bv conoentration« as a valu* 
able series of experiments by Vandeveli>e (^'OT") olearlv show8« 

Seeds of the pea, Pisum sativum. were soaked for 24 hours in solution« 
of common salt ranring from 1% to ;r>%. then removed, planted, and th« 
percentage of seeds which germinated (G %) and the mean interval elap«iug 
before germination (I) deterniined. (I) was, more preciselv, the tirne elap»- 
ing (in dajs) before one half of the seeds had germinated. The results are 
given as follows : — 

TABLE XXXVIII 
SnoirncG the Relation betweex the Coxcextratiox of the Solutioh ix 

WHICU PeAS HAVE BEEX SilAKED AND THEIR GbRXIXATIOX 



% 



I GCc 



'/C 



1 


98.00 


2 


97.17 


3 


85.17 


4 


34.50 


5 


32.66 


6 


16.83 




15.33 


8 


14.83 


9 


12.66 



2,1 
3.7 
4.0 
4.6 
4.8 
5.0 
5.2 
5.3 
5.4 



Te 


Gre 


I 


10 


12.46 


5.9 


11 


7.00 


QM 


12 


10.00 


6.3 


13 


8.50 


6.8 


14 


7.19 


6.3 


15 


4.50 


6.7 


16 


6.83 


7.1 


17 


4.76 


6.6 


18 


3.33 


6.2 



C^ 



o rt 



.C 



19 
20 
21 

23 
24 
25 
26 
27 




4.00 
5.67 
3.3,3 
1.50 
1.83 
4.00 
0.83 
4.50 
8.17 



5.7 
5.7 
7.0 
5.6 
6.2 
5.8 
5.8 
6.3 



28 
29 

;u> 

31 

3:t 
:u 
:15 



o a 



A" 



6.83 
3.83 
10.33 
8.8,3 
10.67 
23.(H) 
31.:i3 



I 



5.7 
6.7 
6.5 
6.8 
7.2 
6.2 
6.5 
7.0 



This t.ible jields some remarkable results. As tlu» coiioon- 
tration increases from 1% to 15%, the peroeutngo of gt^rminu- 
tions diminishes from 98 to 4.5, and tho nuMin gorminution 
interval increases from 2.1 days to neiirlv 7, ntMir \vhirh polut 
it remains at ali higher concentrutions. Krom 15% to l59% tho 
percentage of germinations flnetuates so irroguhirlv lK»t\veon 
6.8 and 0.83 that within these limits it may be oonsidered con- 
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stant. As the concentration increases from 29%, instead of 
the grains aH being killed or failing to germinate, we ha ve the 
interesting result that the percentage of germinating individ- 
uals rises rapidly from 4 to 56. Vandevelde hazards the 
followiiig explanation of this result: "Dilute solutions are 
easily absorbed ; the more concentrated the solution, the 
smaller the power of diflfusion; in a saturated solution the 
seeds do not 8well and the aetion of the surrounding solution 
is less injurious." But we need to know more of the condi- 
tions under which this result oceurs before we can accept any 
interpretation. 

With animals we find growth similarlj afifected as with 
plants. LoEB ('92) first showed this in his experiment8 upon 
the regenerative growth of decapitated tubularian hydroids. 
The regenerating hydroids were kept in water more and less 
dense than, and equally dense with, sea water. At the end of 
eight days the length of the regenerated piece was measured in 
seven to nine individuals at each concentration. The results 
may be given in the form of a curve (Fig. 98) by laying oflf as 
abscissae the percents of sodium chloride in the water and as 
ordinates the corresponding average growth in millimetres : — 



t- 




X t 

ULUTE UEA WATEfl 



4 S 

CONCCNTRATEO •EAWATCR 



Fio. 118. — Curve 8howing the relation between the density of the medium and the 
proportional rate of growth of regenerating Tubularia. The maximum ordinate 
indicates 10.5 mm. growth iu 8 days. The numbers at the base of the curre are 
per cents of density in excess of distilled water ; thos ** 3 " signifies a spedfic 
gravity of 1.03. (From Loeb, '92.) 



This curve shows that the optimum concentration for growth 
is not, as might have been expected, the normal concentration, 
but one considerably below the normal, namely 2.6% instead 



§1] 



UPON THE RATE OF GROWTH 



365 



of 8.8%. Anything which favors endosinosis seems, within 
certain limita, to favor growth. 

Regenerating annelids have also been studied at my labora- 
tory by Mr. J. L. Frazeur. A large number of worm8 of a 
species of Nais, aH of approximat€ly the same size, were cut into 
two parts. Of these the anterior, consisting of twelve seg- 
menta, was alone preserved for experimentation, and was placed 
in water either pure or containing a variable amount of eom- 
mon salt in solution. At the end of ten days the anterior 
piece had regenerated at its tail end a certain number of seg- 
ments varying with the strength of the solution as shown in 
the following : — 

TABLE XXXIX 

Showing the Avebage Number of Segments of Nais regenerated fer Dat 

IN Variocs Solutions of Sodi um Chloridk 





80Ll'TIOX. 


No. or 
Individuals. 


Avo. No. Of" 

SlOMBMTH 
UCOBNERATKD 

PKB Dat. 


SoLUTiojr. 


No. or 

INDIVIDI-AIJI. 


Avo. No. or 
Sbombmtb 

bkgknkratsd 
PKR Dat. 


Water 

0.126% 

0.188 


16 1 2.13 

6 ' 1.72 

16 1.42 


0.250% 

0.376 

0.600 


7 
6 
6 


1.19 
1.18 
1.14 



The decrease in the number of regenerated segments was 
thus, \vith increasing concentration, at first rapid, then slow. 

Fission, whieh is so closely bound up \vith gro\vth that we 
may treat it as an index of growth, is also controUed by the 
concentration of the medium. Mr. P. E. Sargent has, at my 
suggestion, studied this subject in the naid Dero vaga. This 
species divides so rapidly that ordinarily it doubles its numbers 
every ten days. The worms were kept in solutions of varving 
concentration of various salts. They were reared in similar 
jars, supplied with similar food,* and kept under otherwise 
similar conditions. A deiinite number of worms having been 
put in each jar, the increment at the end of ten days was deter- 



* 1 to 2 cc. of com meal extract wa8 added eyery day to the 200 cc. of water 
in which the wonn8 wero livlng. 
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mined by counting. The results of some of these countings are 
given below^for a number of salts : — 

TABLE XL 
Ateraob Incbease Per Cent of Individcals of Dero vaoa refroducino, 

DURINO TeN DaTS, in SOLUTION8 OF DiFFERENT SaLTS AT VaRY1NO CoN- 
CENTRATI0N8. MINU8 QUANTITIE8 INDICATE DiMINCTION IN NuMBER OF 
INDIV1DUAL8 



Strsnoth or Solu- 


■ 
•K 


* 


• 

> 

K 




• 

mm 

'A 




• 

2 

a: 




• 

a 




TION. 


• 




• 

1 




• 

SZ5 


0* 


h. 


• 


• 

1 


h. 

• 


1 


h. 


• 

SZ5 


• 


• 

MoLzc. Wkigiits, 




68.6 


75 


120 




111 




95 




74.6 


Control : water 


787 


113.0% 


134.0% 








0.05% 


100 


85.2 


50 


22.0 


50 


40% 


26 


12% 


60 


12% 


0.10 


350 


77.0 


75 


-10.6 


60 


-12 






60 


-64 


0.16 


100 


68.0 


76 


- 2.0 


25 


-36 


26 


-28 


26 


-92 


0.20 


350 


40.8 


75 


-35.3 


50 


-68 


25 


-68 






0.26 


100 


21.6 


75 


-06.3 


25 


-72 










0.30 
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3.2 


75 


-84.0 


26 


-84 










0.36 


25 


-24.0 






25 


-92 










0.40 


376 


-18.1 






26 


-100 










0.60 


160 


-35.0 





















These columns, and especially the first one, show a close 
relation between coneentration and growth (as tested by mul- 
tiplication of individuals). They show also that the diminished 
growth falls off rapidly at first with slight increments of con- 
eentration, then less slowly at the higher grades (Fig. 99). 
Finally they show that different salts have diverse osmotic 
effects, for sodium chloride is less retarding than any other 
salt at the same percentage of coneentration. The efifect of 
the reniaining salts is seen to increase as the molecular weight 
diniinishes, and therefore the osmotic effect increases (Fig. 99). 
The fact that magnesium sulphate dissociates at these weak 
concentrations only about two-thirds as much as calcium chlo- 
ride does, would lead us to expect even a relatively smaller 
efifect as compared with calcium chloride than we find (see 
p. 74, note); perhaps further experimentation would give facts 
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agreeing closer \vith theory. On the whole, Table XL indi- 
cates that it is the osiiiotie effect which retards growth. 

In tadpoles a similar retarding effect of solutions has been 
observed by Yuno ('So), tvho made solutions of O, 2, 4, 6, and 
8 grammes of sea salt in 
1000 grammes of water, 
and reared frog'8 embryos 
in theni. Other conditions 
eiceptiiig concentration 
were believed to be alike 
in ali experiments. In the 
0.2% solution the tadpoles 
developed at nearly the 
same rate as in pure water. 
In tbe denser solutions 
there wa8 a retardation in 
development which in- 
creased with tlie den3ity 
of the solution, so that in 
the 0.8% solution the lar- 
vse hatched out seventeen 
days behind the normal 
tirne. 

The effect of a sudden 
change in the den8ity of 
the solution has been ea- 
pecially studied by Teue 
('95). Beans, Vicla fnba, 
vhich had radicles frora 
17 to 35 mm. long, were 
jtlaced directly in the solu- 
tions and held therc so that 
the cotjledons alone were 
free. The culturcs vere 
kept in the dark. AVhen 
thetransferHas mndo sud- 
denly to a 1% solution of 

potassium nitrate, it iviis observed that a mechanical contraction 
occurred, folloved by a more or less prolonged period of retar- 
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dation in the rate of growtb. When, on the otlier liand, the 
plant wa3 transferred from a salt solution to wbicli it had 
become accustomed to pure water, a meeliauical elongation 
quickly occuried, but tliis too was followed by a retardation in 
the rate of growth, Thus tlie reductioii in tlie rate of growth 
is not a mecbaiiical result of cimiige of medium, but is a 
response to the stimulus of clianged environment, 

\Ve have hitherto eonaidered almost exclii8ively the effect of 
aqueous sohitionH. We must now consider how a variation in 
tbe pressure of the atraosphere affects the growth of plants. 
Upon this subject expenment8 have been hmde by Jaccard 
('93), who found that when the pressure of the air Wiis reduced 
from 78 cm. to between 10 cm. and 40 cm. of mercury, growth 
is two or three or even six times aa rapid as in ordinary air. 
Like\vise whe» the air is compressed to between three and ais 
atniosplieres acceleration in growth occurs, altiiough not to the 
same extent aa in the depressed air. If, hoivever, the rarefac- 
tion is very great (l)elow 10 cm.) or the pressure exce8sive 
(over 8 atmoapheies), growth is retarded. Esperiments indi- 
cate that this result is not wholly due to the concentration of 
the oxygen in the air. We may therefore conclnde that a 
change in pressure from the normal accelerates growth by 
irritating the growing plasma up to a certain limit, beyond 
wliich its injurious effects counterbalance its favorable ones. 

Summing up this account of the effect of concentrated Solu- 
tions upon the growth of orgjinisms, we find that in general as 
the deii8ity increases beyoiiJ tlie normal the rate of growth 
diminishes uutil, at a certain concentration, it ceases. In the 
particular caae of marine org&nisms a reduction in concentration 
to a certain point causes escess of grnwth5 below that point. 
diniinutinn. It is probable that the diminution in growth is 
proportional to the osmotic action of tbe medium (Chapter III). 

An esplanation of the foregoing phenoniena may be attaiued 
by reference to the principles laid down in precedlng cbapters. 
In Cbapter X it has been sliown that growth depends very 
!argely upon the specific imbibitton of water. We do not 
know the cause of the difference in imbibitory properties ab 
different times; but if, as bas been suggested, it is purely an 
endosmotic pbenonienon resulting from the secretion of plant 
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acids or salts in the celi sap, then we can understand liow a 
denser medium should diminish or destroy the imbibitory 
tendency. On the other hand, a change in concentration inay 
act in a more indirect fashion to cause increased growth ; 
namely, by calling forth a response to the irritation of changed 
conditions of pressure. 
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CHAPTER XIV 

EFFECT OF MOLAR AGENTS UPON GROWTH 

It is proposed in this chapter to consider, first, tlie eflPect of 
contact, rough moveinents, deformations, and associated molar 
agents upon the rate of growth, and, secondly, the eflfect of 
such agents upon the direction of growth. 

§ 1. Effect of Molar Agents upon the Rate of 

Growth 

We have alreadjr (Chapter IV) seen that profound changes 
in metabolism atid the motion of protoplasm are induced by 
various sorts of contact. We shall here consider how those 
changes result in modifications of growth. 

1. Contact. — In the čase of organs which normallj grow 
upon a solid substratum the g^o^vtll may take plače more 
rapidly after coming in contact than before. Thus Loeb ('91, 
p. 29) say8 of the stolons of the hydroid Aglaophenia pluma, 
that when they reach a solid surface they begin to grow 
more rapidly than stolons which develop free in the water. 
Evidently the stimulus of contact excites to extraordinary 
growtli. 

2. Rough Hovements. — Experiments with this agent have 
been almost confined to bacteria, and have been made by shak- 
ing. The first experimenter in this direction was Horvath 
('78), whose method of work is worth giving in some detail. 

Glasa tubes about 20 cm. loiig and 2 cm. wide were half filled by a nutri- 
tive fiuid, inoculated with an infusion f ull of various bacteria, and sealed. 
The tubes were then fixed on a board which wa8 made to swing horizontallj 
to and fro by means of a motor through an are of about 25 cm. length at 
the rate of 100 to 110 times per minute. At the end of each excursion the 
board received, by means of a special device, an extra blow. The resulting 
agitation was like that made in shaking a test-tube. 
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The results of Hi.mvATH*s experiinents \vere these. Tubes 
which were sLaken for 24 houra were clear at the end of tliiit 
period, whiie similar tubes kept at rest lind become muddy 
■with bacteria in the eame tirne. If, now, the shalien tubes 
were kept at rest duriiig a day in a warra oven, thej-, too, 
produeed a rieh growth of bacteria. When, however, the tubes 
had been shaken for 48 hours they not onlj were found clear, 
but they did not become cloudy upon 8ubsequent ■wariuing 
(I, p. 99). The shaking during the briefer jjeriod had thus 
merely interfered with the normal growth proceases, but the 
move prolonged shaking had resulted in the death of the 
bacteria. 

Sub8equent attenipts by other workera to reproduce these 
results, hy the use, however, of other methods, partiallv or 
completely failed. Reiake (^SO^. indeed, found tbat in water 
agitated for 24 hours bacteria had ceased to grow, but liad not 
been killed; in so far a conflrmation of IIokvath. Other 
investigators, however (HucHNER. '80; TfMAs, '81 ; Leone, 
'85 ; ScHMiDT, '91 ; RussELL, "92 ; and others). have either 
obtained no effect upon the growtb of bacteria, or have found 
it increased by niotion. The results seemed hopele88ty dis- 
cordant. 

The more recent work of Meltzer ('94) has, however, 
brought these conflicting observatiuns uiider one general law, 
and has thus offered an interpretation of the varied results. 
He pointed out first that the diverse results of previous investi- 
gators were due to the use of different species of bacteria niid 
of different kinda and degrees of shaking; in a word, to dis- 
Btniilar methods. Meltzer employed pure cultures of bacteria 
of ascertained species, and counted the colonies by the welU 
knon-n bacteriologieal methods. Shaking vfos either violeiit, 
heing done in a macliine 8omewhat like IIoi{VATK't3 : or slighl, 
heing done hy hand. The raedia used \vero ncutral salt sohi- 
tions, Koch'8 1x>uillon, or pure water. The results shoned 
that a slight shaking is advantagcous to the nietabolism of 
Dacterium ruber in water. Thua. while a culturo containing 
950 colonies. left cjuiet, waM reduced after 8 da/s to 259 
colonies; shaken, it had at the end of the same ]x>riod 13GU 
colonies ; and shaken with glass drops roUiug luose in tht' tuhe. 
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it had attained 16,200 colonies. "VVLen, Lowever. the shaking 
wu3 longer continued the number of colonies begaii to fatl off, 
80 that after 21 dajs tbe mediutn ahaken with gliiss dropa 
exlubited only 5 culonies. These facts enable us to diatinguish 
a minimuni degree of movement whicli will [»erinit of growth 
(shaking for 6 dajs without glasa drops); an optimuni 
(shakiug for 8 day3 with glasa drops); and a maximmn (shak- 
ing for 21 daja with glasa drops). The optimum is very 
diverse in different apeciea. Thua in Bacterium megaterium it 
ia so low that shaking for a little over 1.5 daj^s reaults fatally. 
It ia probable that the growth of every race of bacteria is 
attuned to a particular optimum of movement.* 

3. Deformation. — Under tliia head we inay consider the 
effecta of puUing and hending iipon the growlh of an elongated 
body. Data upon thia subject have beeii obtained only from 
plants. 

The effect of pullijig upon the growth in length of a plant 
atem has been studied by Baranetzkv ('79), ScHOLTz ('87), 
and Hegler ('93), The results obtained are concordant and 
important. It appeara that when a weight is attached, by 
nieana of a cord running over a pu!ley, to tlie epicotyl of 
varioua asedlings — such aa Helianthus, Tropasolum, Cannabis, 
Linum, etc, — the growth in length of the stera ia, under 
appropriate conditions, not accelerated but retarded. Wheii, 
for example, a puli of 13 grammea ia eserted upon the epicotyl 



• Conceming the causoof iho Increase orgrowlh accompanyingaBllght molat 
diaturbance and the dimiiiiHhed growth and death accompanjing a violent one, 
Meltzeh has aomeililng to Bay. He fiuda in tbose cuUureH in wbich no growth 
of bacteria occum, no fragment of cells but on tke conlrarj notliing ercept a fina 
"diiBt" — the bacteriEi hare ezperienced a moleciilar diaintegration. In order 
to exp1ain thls diginMgratioii, MaLT/iia aceepta Naobli's conceptlon of tha 
stmcture of proto]i1a8in, — miceMie enveloped bj water, — and aupposes that a 
inolar disturbanee modifles the normal movement« of theee miceUae, A Tery 
vlolent movement causea the micellie to separate completelj ; a much les« tur- 
biUent movement causes an iticrease in the vlbtatlons of the raicelln by which 
they are brougbt inlo more intimato contact wilh food material including 
oxygE!n, and more eaeily get rid of the metabolic producta. Wlthoat accepting 
TJageli'8 micellar hjpothesia, we maj accouat for the benefinial effecta ol allght 
movement upon the ground of an iacreased Hupply of oxygen afForded by it; 
and we may regard the fntal effect aa the reault of dieiurbed meiaboliam or of 
protoplaamic diaintegration. 
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of a Caiinabis seedling there ia a moineiitary elongation followed 
for 8ix hours by no growth wliatever ; then perioda of growth 
alternating with periods of retardation occur until. after 
perbaps 24 houra, the hourly growth is nearly equal to tliat 
of tlie unweiglited plaiit. The least weight which wUl cause a 
retardation is different for differeiit plants. lu the cose of 
Cannabis and Linum it is below 1.3 grammes, a reault nhidi 
Indicates that the weight of the indes used in self-recording 
auxanometers is sufRcient to retard the growth of the plant and 
thus to give an abnormal growth curve. 

The diminution of growth is not the same at aH perioda of 
the plant'3 developraent. Thus the retarding effect is greatest 
at tbe comiijencenient of the grand period of growth, bnt l)egin8 
<}uick]y to diminish until at the mHximum of growth there is 
no retiirding effect. Tlien, as the ratc of grnwth decreases, the 
retardation becomes more evident. The effect of the puli is 
best seen in comparing the curves of daily fluetuation of growth 
of the weighted and unweighted plants. The early morning ta 
the period of rapid growth, and at this tiuie the growtb of the 
stretched plant is quite equal to or exceeds tliat of the uu- 
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weighted one. During the early night, on the contrary, whea 
grovvth is feeble, the stretclied steni grow8 Blowly (Fig. 100). 
If an etiolatcd pliiDt ia used. the daily growth fluctuations are 
eliiniuated and the effect of the larger growth cycle becomes 
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evident. Tbus, in general, the more rapid the growtIi, the lesa 
is the retardation provoked bj- pulling. 

The direction in which we must look for an explanation of 
these facts is indicated by the circurastance that, iu the most 
rapid period, gro\vtb is chiefly due to imbibition of water, while 
in the preceding and sueceeding perioda it is due more to an 
increaae in the plasma. Thus not ali kinds of growth are 
equally affected hy the irritatiou of pulling, but principally that 
growth which ia due to asaimilation. Further insight into this 
inatter is gained from the circumatance that despite the fact 
that growth is 8lower in the piaiit under tension the tur- 
gescence in the atretching zone is greater in sucli a plant than 
in a normal one. Tlus indicates again that it is nut the imbib- 
itory procesa \vhich ia interfered with but rather the usaimila- 
tive one. Ali theae facta thus lead to one conclusion, that, 
under tenaion, the plaama, e8pecially that of the ceU-wall, 
grow3 in length leas rapidly than under normal circumstances. 
This diminution of growth can hardly be ezplained in a direet 
mecbanical way ; we must consider it a reaponse to the 
atimulus of pulling. 

A confirmation of thia concluaion ia found in the fact that 
the effect of the pulling gradually weara off. Thus when one 
of a pair of Beedlings of Cannabis aativa is auhjected to a puli 
of 20 grammes, there ia a retardation during tbe first day of 
61fe in the stretched plaiit as conipared with the control plant; 
during the aecond day of 51-% ; during the third day of only 
9fo- (Hegler, "93, p. 389.) In order that the retardation 
. aliould continue, additional weight must be irapoaed ; then an 
iucreased retardation occurs. Thus in one čase Hegler sub- 
jected one of two Helianthus seedlings to a puli of 50 grammes. 
During the first day the retardation of the pulled plant wa9 
20% ; during the aecond there ivas an esceas of growth over 
the control of 11%; then 150 grammes were added; on the 
third day the retardation wa3 18% ; on the fourth there was 
an acceleration of 2%. This aeries of phenomena is clearly 
like that which we have observed in locomotion — there ia an 
accommodation of the gro\ving protoplasm to the stimulus, 

There can be little doubt that in the cases of diminished 
growth in length there ia a thickening of the cell-vvalls and 
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probably an increase in crosa-section of the whole stem. There 
ia indeed cousiderable esperimental evidence for thia con- 
cluaion. Thus Schenck ('93) fomid that when stems are 
irritated by twisting or beiiding, an excessive growth botli 
of ceU-walla and of the wood as a whole f<)llow8. So, too, 
NEWCO>rBE C'95) finda tliat roots beconie strengttiened by 
attaching weight8 to them. In fact, if atenis are deprived of 
their normal awaying movementa, for instance by enclosing 
tnternodes in plaster casts whicb inbibit lateral movements and 
partly aupport the vveight of the superior part of tlie plant, 
thelr walls remain abnorraally thin. 

T bese effects of defonnation are of especial importance 
becauae they are eo clearly not at aH direGtly niecbanical but 
adaptive ; they are, indeed, rather oppoaed to the direct 
niechanieal effects wbich would tend to stretch the cells, and 
thua to diminish tbe thicknesa of their walls. Here again the 
organiara show8 itself a ldghly irri table tbing, capable of 
responding in an adaptive fashion. 

4. Local Removal of Tissue. — \V'ben a protist, for instance 
a Stentor, is trans^ecled. certnin changes take plače along the 
cut aurface. First, there is a \varping of the edges tovvards 
each other ; 8econdly, rapid growth (differential gro\vtb, page 
287) occurs. Similarly, if a Hydra be cut lengthwise, the free 
edges may fold towarda each other ao as to form a amaller cyl- 
inder, and the aeain, by growth, will be bealed over. So, too, 
in the higlier animala, the removal of a bit of tiaaue reaulta uau- 
aUy in the elosure of the wound and growth to fill the gap. 
We may call theae two proceasea warping and regenerative 
growth. 

The causes of these two processea are probabIy different. 
The warping aeems to result trom the preaence of tenaions and 
presauree in tbe tissues whose equilibrium ia disturbed by the 
ciit. Thia procesa is i>robably grossly mechanical. Tlie regpn- 
erative gro\vth, however, muat have a leas direct expUnation. 
It ia apparently a typical reaponse to the atimulua of cutting, 
or of the new environment preaented at the cut edge. 

Ilere, too, may be mentioned an experiment by LoEfi ('92, 
p, 51). which throw9 light upon the cauae of these intemal 
tensions. Below the cro\vn of tentaclca of a Cerianthua a 
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horizontal slit wa3 made in tlie side of the body-\vaU. Tiie 
tentacles over the slit coutraeted — there wa8 a sortof negative 
growth. The shortening was doubtless due, 
as LoEB sajs, to the loss of water and con- 
8equently of turgeacence in this part of the 
body-\vall (Fig. 101). I have cut the body- 
wall of a hydroid immediate]y below an 
iiicipient bud, whereupon the bud at once 
Hfittened out. Tliese experiment8 shovv 
liow iraportant water pressure is for the 
miiintenance of the size of the body and for 
growtli, and in so far esplain the mechanicul 
eliect of a cut or other aimilar wound. 



Fro. 101. — CerlanthnB, 
from wbich a piece, 
a,b, C, basbeen cui, 
causing s loss o! t ur- 
gesoenco aud iMMiBe- 
qiient shrfnkiiiK ot 
tentacles on Ihe cuC 
aide. {From Los b, 



\ J §2. EfFECTOF CONTACTUPON THbDiREC- 

TioN OF Gbo\vth — Thigmotkopism 

llaving seen that molar agenta can affect 
the rate of growth, we are in a position to 
understand how a molar agent, acting upon 
one side only of an elongated organ or 
plate of tiasue, inay induce a less or 
greater growth upon that side, and, con- 
8equently, a bending towarda or from it. This turning 
phenomenon raay no\v be cousidered. Before taking up tbe 
permanent growth turnings, however, we may consider a caae of 
tran8itory growth, which throws valuable light u[)on the true 
nature of thigmotropism, and serves to connect it witb thigmo- 
tasia. This is the čase of the pseudopodia of Orbitolites, 
which, aceording to Ver\vorn ('95, p. 429), float at first free 
in the water after being protruded through lioles in the shell; 
but as soon as they grow longer and heavier they siuk in the 
water, until their distal ends tonch the snhstratum. To thia 
they become attaehed by a delieate secretion, and grow out 
alung it by the streaming of the protoplasni. The persistent 
clinging to the subatratum is a thigmotropic reaetion, and one 
which belonga clearly to the category of response, 

1. Twiiiing Stems. — Tlie eharacteristic form of twining 
plants, Hke the bean, has loiig excited the interest of natural- 
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ists. A stu(]y of the causo of tliis form waa made by Palm 
('27), by MoHL ('27), and by Di'tbochet ('43, '44) ; and 
from thia early period to the present there have exi3ted on this 
matter great differences of opinion. On the one hand, there 
has beeu maintained a view that had great inherent probability, 
the view, nainelj, that the t\vining of plants is a response to 
the contact-stimulus of the object about which they are coiled. 
Against the general validity of thia view certaiu esjKTiinents 
of Dar\vin ('82, p. 16) seem conclusive. For he found that 
«ven Ibe hard rubbiiig of the stalk caused no modificatton of 
the normal spiral growth. Accordingly. the concluijion eeems 
generally accepted to-day that the peculiar form of growth of 
most twiniiig plants is the combined result of geotropism, by 
which the stem grows upwardB, and a special form of nutation, 
by vvhich It inipinges againat the supporting stick and bends 
round it. The twining is thiis meohanical, — dependiiig upon 
the structure of the stein, — rather than responsive. 

An excepti6n among twining plants ia found in the dodder. 
Cuscuta. This plant is a parasite. belonging to the ('onvol- 
vulua family, and Hves upon the flax and other planta. It is 
leaflesa, and twinea cIo3ely about ita host, into whicb it semU 
the fceding organs — the haustoria. According to the cateful 
studiea of Peiuce ('94), the stem. when not in contact with 
auy solid body, makes long, steep turna about the asis of the 
spiral, as ia the čase with other twiners. If now the free stem, 
during a period of 8low growth, be broiight into contact with a 
woodeii or glasa rod or a tliread at alx)ut 3 cm. from the tip, the 
«tem bends sharply, and in the course of 15 liours makes tvvo 
or three close turna around the v«rtical aupport. If the con- 
tact be made at a distance of only about 1 cm. below the tip, 
tliere will he Uttle or no change in the character nt the twiniug, 
If the point of contact be too far below the tip, — (i to 7 cm., — 
there will also be no effect. The result is thus clearly depend- 
ent upon a stimulus applied at a definite sensitive point ; it is 
a typieal renponae. 

2. Tendrils. — Very similar to the phenomena of cloae twin- 
ing iii Ciiacnta is tliat of coiliag in the tendrils of phanero- 
gams — tliose most marvellouslv sensitive of aH plant struct- 
ures. Dabwis ('82) and Pfefpek ("85), particularly, have 
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studied by experimental methods the movements of these 
organs. The conditions which induce the twining of tendrils 
are peculiar. It appears that tendrils are not irritated by 
mechanical shaking, such as is produced by a powerful current 
of air issuing f rom a narrow tube ; nor by a drop or strong cur- 
rent of water, provided it contains no hard particles ; nor even 
by a stream of mercury, or the surface of pure mercury or oil. 
AH solid bodies, however, with the exception of moist gelatine, 
when rubbed against the stem stimulate it so as to produce a 
bending at the irritated point. 

The behavior of moist gelatine is instructive. Pfeffeb 
first observed that it was exceptional, and Peirce has found 
the same exception to hold for Cuscuta. Pfeffer's experi* 
ments showed that, no matter how great the pressure or 
strokes made by drops of 5 to 14% gelatine, or by glass roda 
covered by a layer of moist gelatine, no response occurred ; 
and Peirce ('94, p. 66) found that when the Cuscuta stem 
came in contact with a rod covered with wet gelatine it made 
only the long, steep turns characteristic of the free-growing' 
stem. Later, when it reached the part of the rod not covered 
with gelatine, it formed at once a close, tight coil. That it is 
not the chemical composition of gelatine which prevents the 
twining is shown by the fact that dry gelatine, even to 25%^ 
irritates ; also, if some sand is mingled with the moist gelatine, 
tropism occurs. The fact that wet gelatine does not irritate ia 
explained by Pfeffer upon the ground that the stimulus is. 
not given by mere contact, for a blow does not produce it. A 
certain degree of adhesion bet\veen the tendrils and the irritat- 
ing substance is necessary. The moist surface of the gelatine 
prevents such adhesion taking plače. The eflPective irritation 
is a sort of tickling. 

The degree of this tickling may, however, be extremely 
slight. Thus Pfeffer ('85, p. 506) placed a rider of cotton 
thread, weighing 0.00025 milligramme, on a tendril, and 
found that no eflfect was produced so long as it \vas quiet ; 
whereas, when the rider was put in motion by a current of air, 
a considerable bending occurred. Under similar conditions, a 
thread weighing 0.00012 milligramme produced no reaction. 
MacDougal ('96, p. 376) finds that a spider's web, 43 cm^ 
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long, suflpended above a tendril of Echinocystis, caused such a 
reaction tliat tlie tendril coiled aroimd and fiisteiied to it. 

Conceniing the irntable regioiu it appears tliat in most ten- 
dril8 there is »n especially seiisitive side and an especiall/ 
sensitive zone. The pretience of a more irritable aide is not a 
constant cliaracter of ali te n d rila, however. Thus, C o bana 
Bcandens. Cissus discolor, and others, are irritable on ali sides. 
When a differentiation in this respect occurs, lio\vever, a bend- 
ing takes plače towards tlie more irritable side. The sensitive 
zone lies either at the tip or immediately below.* 

The period of development at which the tendril is most irri- 
table must also be considered. Thus, Dakmtn ('82, p. 174) 
say8 : " Tendrils which are only three-fourths gro\vn. and, per- 
haps, even at au earlier age, but not whil8t extremely young, 
have tlie iK)\ver of revolving and grasping any object which 
they may touch. These two capacitles . ■ . both fail when 
the tendril is full gromi." Pfefker ('85. p. 485) »rtd McL- 
LER ('86, p. 104) likewise find tendriU irritable only in the 
latter part of their gro\vth-period.f 

Tliere are four perioda in the response to a moraentary 
Btimulus: (1) a lateiit jieriod elapsing l>efore the curvature 
begins to take plače ; (2) a period of liending ; (3) a period of 
quiescence in the bent conditioa ; and, tinully, (4) a i«riod of 




Fio. 102. — CuTve ol Fontracllon of a tcndrlt. The dlituire of tbe cnrTe tr«m tha 
bLie repreMDls Ihe amoum of diaiilarempnt ot the tip ; ime iinll en the bMe-lin« 
reprrseiits Qve mlnules o( tfme; 1 to i, lateat period and perlnd ot contnctlou ; 
'lui'i, period ot matiileiiance ; 3 (o 4, period of relsMilloli. (From MAcl>ucaAL, 
■36.) 



■ In CuBcilta, accurdin^ to PF.inrE ('M, p. M). Uie tip U non-irriiablc ; the 
iDivI Hcnaitive uva^ in l\ cm. below tlie tip. 

I lil CusculB, PEiRct: ('fl4, pp. C>3, 04) foiind that neither Ih? BtAlk of seed- 
\\\\p* mir of (lUlFr iiUnin, durinf; tlie periud of rapid )!tow(Ii vhich foUom Iho 
fortiintioii »f hHUBloTia. are seniiltlve. Initabilily alioni* ilaclf only nhe& 
gronth becomes lees nipid, aa It doet aome Ume afler loroiing hauntoriA. 
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straightening again. These periods are represented graphically 
in Fig, 102. The latent period is of variable length in diflPer- 
ent species. Perhaps the shortest period is that of Cjclan- 
thera, which Muller ('86, p. 103) found to vary in the most 
sensitive condition of the plant from 5 to 9 seconds. DARwrN 
('82, p. 172) found a latent period in Passiflora tendrils of 25 
to 30 seconds, while in other cases (Dicentra smilax, Ainpe- 
lopsis) this period may be 30 to 90 minutes or more in length. 
The entire time required for the plant to straighten completely 
again is, according to Muller ('86, p. 104), for Cyclanthera 
about 20 minutes. These times depend, however, to a large 
extent upon various external agents. Thus a quick response 
is favored by a temperature between 17° and 33° C, sunlight 
rather than shade, considerable liumidity, and small size of ten- 
dril. Thus this grovvth response resembles, in its dependence 
upon various conditions, other responses, e,g. thos« of muscle, 
to stimuli. 

3. Roots. — Thigmotropism in roots was apparently first 
investigated by Sachs ('73, pp. 437-439). He fastened ger- 
minating seeds of various species in a moist chamber so that 
their radicles, of about 10 to 30 mm. length, were horizontal. 
A pin was now placed against the root near its tip so as to 
exert considerable pressure. Usually within eight or ten 
hours a turning of the root in tlie growing region occurred so 
that it became concave towards the pin and finally made a 
complete loop about it, or, if the needle \vas vertical, descended 
along it in a spiral — a result of the double action of thigmo- 
tropism and geotropism. This response was, however, rather 
inconstant and appeared not to be very powerful. 

The sense of the thigmotropic response was, in the foregoing 
example, positive ; that is, the turning was towards the solid 
body. Darwin ('81, p. 131) believed that he had evidence 
that the response is sometimes negative. Thus he 8ays that 
the radicle of a germinating bean, coming in contact with a 
sheet of extremely thin tinfoil (0.003 to 0.02 mm. in thick- 
ness), was in one experiment deflected without making a groove 
upon it ; also, when a piece of paper was gummed to the root 
near the tip, the root usually turned so that it became convex 
to the gummed paper. But Darwin's conclusion has not been 
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Buatained by luter work. Tbus Detlefsen ('82) found that 
bean radicies plungetl rigbt tbrougb tinfuil 0.0074 mm. in 
tbickness. and Wiesnee ("84) and Hpaflding ('94) bave sboH-n 
that tbe turning from tbe gumiiied paper is tbe reault of tbe 
injunou8 action of tbe guin. Indeed, it is difficult to see l>ow a 
root, wbieb must force its way tbrougb tlie eartb, sbould turn 
from a solid siirface. Experieuce 8bow8 ratber tbat it turns 
tow!irds it aiid teuds to grow along it nr tbrougb it. 

4. Cryptogam8. — Among Fungl a thigraotropic response bas 
been obsei-ved and studied in tbe mold Pbycomyce8 nitens by 
Errara ('84) and Wort.mann ('87). They find tbat rub- 
bing the sporangiferous hypba ligbtly witb a britttte or glass 
thread for from three to six minutee will produce a resjjonsB 
mnre powerful even than that to light. As with tendrils. 7% 
to i-i% gelatine, almond oil, and water drops provoke no bend- 
ing ; but, on the otber hand, even tbe mutual rubbing of two 
adjaeent sporangiferous byphje may incite a response. Tbe 
response wiU, however, appear only when the growing region 
of tbe bypba is irritated ; if the hypha is fully gron'n, no tliig- 
motropism will take plače. The sharpest part of tlie bend will 
ociiur at tbe region of greatest growtb, not neces8ardy at tbe 
point of contact. However, Wobtmann finda that tbe turn- 
ing commences at the point of con tact, but becomes more and 
more pronounced as tbe bend approacbes the most rapidly 
growing part of tlie hypha. The response to a brief contact 
is only temjx)rary. Tbus wben a Bporangiferous bypha 2.3 cm. 
long was touched for one minute vritb a glass tbread a bending 
began to appear after 15 minutes and di3np2>eai'ed 10 niinutes 
later. Tbus Phycamycea follows cloBely tbe laW8 of response 
of te n d ril B. 

The rbizoids of tbe bepatic Marcbantia and its allies have 
been fonnd by MuLlscH ('84, p. 933) to bebave in a similar 
way to the foregoing. Wlien tbe bei>atics are placed on damp 
filter-paper. over a watch-glass, in a moist cbamber and in tbe 
Hgbt, one finds after 48 bours thnt rhizoids have penctrated 
tbroiigh tbe filter-paper. Since tbe paper reveals. even to the 
mirroscope, no pon^s, nnd siuce grains of corn starch, of from 2 
to 24 microns diameter. will not pnss tbrough it, ve must con- 
i-lude that tho root Iiairs of 10 to 2» microna diameter. although 
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consisting of only a single celi, have the power of forcibly 
boring their way between the fibres of the paper. This phe- 
nomenon is most easily accounted for on the ground of response 
to contact. 

6. Animals. — The phenomenon of thigmotropism is exhib- 
ited among animals in the power of growing along an irregular 
substratum. Thus the stolons of hydroids, Bryozoa, and some 
compound ascidians, upon once gainipg the surface of an appro- 
priate substratum, cling closely to it without reference to tlie 
direction, up or down, which the substratum may take. It is 
not necessary that the surface should be a rough one ; the sur- 
face film of water may incite the response. More striking is 
the direction of growth of regenerating hydroid stems, accord- 
ing to the observations of Loeb ('91, p. 18). This experi- 
menter found that when pieces are cut f rom a stem of Tubularia 
and are so placed in a cylindrical glass vessel that the lower 
end lies buried in the sand while the upper end is in contact 
with the side of the vessel, then, regeneration of the hydranth 
occurring, the new growth is perpendicular to the surface of 
the vessel, i,e. horizontal. This direction is independent of the 
direction of light rays, since it occurs at aH parts of the circum- 
ference of the vessel ; nor is it a response to gravity, since the 
stems normally assume a vertical position. The phenomena 
are, in so far, exactly like those in plants. 

The experiments made upon plants suggest a series which 
might be made upon animals. Do stolons exhibit nutations to 
aid in the finding of the solid substratum ? What substances 
call forth the thigmotactic response? Will a momentary irri- 
tation cause turning? The field of thigmotropism, like that of 
the other tropic phenomena of sessile animals, is an imperfectly 
worked one. 

6. The Accumulation of Contact-Stimulus and Acclimatization 
to it. — These two phenomena accompanying contact-stimu- 
lation must be alluded to. Pfeffer ('86, p. 506) pointed out 
that a soft blow which calls forth no response when given 
once, will produce bending when given repeatedly for several 
minutes. The basis for an explanation of this phenomenon is 
given by an observation of de Vries ('73, p. 307), vv^ho with- 
drew the support from a tendril which had already turned 
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through 45*' as a result of contact irritation. The tendril con- 
tinued to bend at the previou8ly irritated point even after the 
irritant had been removed. Thus a stimulated conditiou per- 
sists after the removal of its inciting cause, and this gives a 
chance for the building up of a powerfully stimulated conditiou 
by the accumulation of slight stimuli. 

The persistence of the stimulated conditiou is revealed by 
another set of changes. Pfeffeu found that the tendrils of 
Sicyos when repeatedly rubbed at sliort and regular intervals 
first coil and then gradually straighten out. DAinviN ('82, 
p. 155), who had previously 8ho\vn tliis same tliing, found also 
that after a tendril of Passiflora grucilis had been stimulated 21 
times in 54 hours it finally hardly responded at ali. Similar 
results have been obtained witli Drosera hairs (Pfeffeu, '85, 
p, 514). Thus the constantly repeated stimulation produces 
such a modification of the protoplasm that it eventually fails to 
respond. On the one hand, tliis phenomenon is the same as 
that of fatigue ; on the other, it resembles closely the condition 
seen in stimulated Protista referred to in Cliapter IV, § 3, and 
there designated as acclimatization. 

7. £xplanation of Thigmotropism. — Concerning the cause of 
the bending of plants as a result of contact, I know of no Injtter 
explanation tlian that oflPered by Sachs ('87, pp. 607-699). 
Ile ascribes the bending to a difference in tlie rate of growth 
on the t\vo sides of tlie bending cylindrical organ. Tliis is 
indicated by the fact that it is cliiefly in the rcgion of 
" stret<5hing" that the response occurs ; i,e. sh()rtly beliind tho 
apex. At the very tip, gro\vtli by assimilatioii is cliiefly occur- 
ring ; below the region of stretching, gr()\vtli is occurring only 
8lo\vly. The measurements of DE Vkif:us (*73) liave, ho\vever, 
slio\vn directly tliat the convex side of the tendril grows faster 
than the straiglit tendril and the concjive side less rapidly. 
The convex side thus puslies stili fartlier over the concave, pro- 
ducing the coiling. As the region of stretching is ono of 
imbibition of \vater, we conclude that more \vater is takcn in on 
tlie convex side than on the concave, wliere even a h)ss of water 
may occur ; or {)erhaps there is a movement of watcr from the 
irritated to\vards the opposite side. The irritant then proihices 
a chemical change on one side of the organism such as to cause 
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a movement towards that side or from tliat side according as 
the organ is positively or negatively thigmotropic. 




§ 3. Effect of Wounding upon the Direction of 

Growth — Traumatropism * 

Under this head may be considered the eflPect of a special 
class of molar agents, namely, those which produce a wound, 
upon the direction of growth of roots. We may consider first 
false and then true traumatropism. 

1. False Traumatropism. — When the growing tissue of the 
radicle of a seedling is destroyed on one side by caustic or heat, 

the radicle turns towards that side (CiE- 
siELSKi, 72; DARwrN, '81; Spaulding, 
'94). This result is satisfactorily ex- 
plained on the ground that the killing 
of the gro\ving tissue on one side causes 
a retardation or cessation of growth on 
that side ; so that, while the points a;, y 
(Fig. 103), remain nearly stationary, the 
points a;^,yS opposite to them, grow widely 
apart. It will be seen at once that this 
bending belongs to a wholly diflPerent 
category from the thigmotropic curva- 
tures described in the last ^ection. It 
is, as Darwin called it, a mechanical 
bending ; it is a false traumatropism. f 

2. True Traumatropism. — Of widely different cause from 
the foregoing is the turniug due to slight wounding which has 
been investigated by Ciesielski ('72), Darwin ('81), Det- 
LEFSEN ('82), WiESNER ('84), and Spaulding ('94). Dar- 
wiN irritated the radicle of a bean by touching it near the 
apex with dry caustic (nitrate of sil ver). The point of wound- 

* From Greek, TpaC^o, a wound. 

t A pheiiomenon allied to this is seen when at an early stage one half of a 
frog embryo is killed and, consequently, remains of small size ; the larger, 
growing, side soon comes to bend around the smaller, dead, side. A fuller 
account of these experiment8, made by Roux and othere, upon the frog'8 egg, 
niust be postponed to tlie next Part of this work, since it is complicated by the 
phenomenon of regeneration. 



Fio. 103. — Diagram of a 
root tip, illustrating 
false traumatropism : 
Z2^,region of wounding. 
The line y-y' ran orig- 
inally paral lel to the 
line x-x\ but by growth 
has been brought to 
make an angle of 90^ 
with it. 
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ing appeai-ed as a Bmall, dai-k spot on odb side of the radicie. 
The seedlings were then suspended in a moist chamber( over 
water, and at a temperature of 14.4° C. After 24 hours almost 
ali of the radiules 8howed a marked curvature from the 
wounded side. Other means can be used to produce thia 
result : a thin slice cut off obliquely from the tip of the radicie, 
a drop of sliellac, of copper sulphate, of potassium hydrate, or 
steain at about 95° C. (Spacldisg) — in general, 8ny agent 
whi(;)i initates 8trongly nithout ktlling. 

Concerniiig the plače on the loot \vhere the injury must be 
made in order that a response should appear, Spauldiko finds 
tbat if the briindiug is made further from 
the apex than 1.5 mm. no traumatic curva- 
ture wiU occur ; or if an oblique cut at the 
apex sbould not involve the grovving root tip, 
as at ab. Fig. 104, it is \vithout effect. So 
it seems that the pro- 
liferating root tip is 
the sensitive part. 

The point of maxi- 
mum curvature is, how- 
ever, not at the root tip, 
but lies in the region 
of most rapid growtli. 
The length of tirne 
elapsing between injury and response 
varies vith the species and with the tem- 
perature. Thus, at a temperature of 18° C. 
the curvature begiiis in from 45 to 55 
minutes, and reaches a maximum \vithiii 
24 hours (\Vib8SEK). 

The long, latent perioc! and tlie sIowness 
of complete response give an insight into 
the reason for tliis separation of the \)et- 
ceiving nnd resiKtnding zones. During the 
latent jieriod the irritated tissue is be- 
mmidintr ami »pren- coming strotcliing tissue through the im- 

PFKrricR. 'lo.) beooming generated in advance, leaving 
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the irritated protoplasm behind. This can be demonstrated if 
^following Pfeffer, '93) the freshly irritated radicle is con- 
lined in a plaster čast (Fig. 105). The growth of the tip is 
jslackened so that it does not leave the irritated tissue far 
behind ; at the same tirne, the zone of stretehing encroaches 
upon the root tip, so that, if the radicle is released af ter several 
days, the curvature, although taking plače, occurs abnormalljr 
near the tip. If the respouse were transmitted a fixed dis- 
tance backward from the tip, we should expect that in the 
confined plant either the turning would take plače at the normal 
position or would altogether fail to occur. Since neither of 
these effects follows, the conclusion is strengthened that the 
identical plasin which is irritated responds, producing the 
traumatic curvature. 

Temperature, controlling as it does the rate of growth, Con- 
trols the length of the latent period. According to the obser- 
vations of Wiesner, this is at — 



Tbmpbbatuee. 


In Dajip Cbambke. 


In 'Watbe. 


8.0° C. 
17.6° C. 
26.0° C. 
33.0° C. 


438 min. 
87 
37 

68 


393 min. 
62 
28 
70 



Thu8, 25® C. seems to be about the optimum temperature for 
the traumatropic response ; and this is a temperature 10® to 
12° below the optimum for protoplasmic movements (Chap. 
VIII, § 2). 

The true explanation of traumatropism remains, after pro- 
longed discussion, uncertain. Darwin regarded it as a 
response to stimulation, but Detlefsen and Wiesner sought 
to show that it is the immediate mechanical result of the 
injury. Tiius, Detlefsen assumed tensions in the root cap, 
which caused the root when cut on one side to shorten on the 
•other ; but this conclusion was disproved by Spaulding, who 
found that the usual results do not follo\v when the root cap is 
injured without injuring the root tip. Weisner's explanation 
was based on the observation that decapitated roots grow more 



§ 4] RHEOTROPISM 387 

rapidly in water tban normal onea. In like manner, if the 
root is, as it were, haU decapitated. by cutting the tisaue on 
one side, an alinormallj' nipid growtb wil] take plače on tLat 
side, proximal to tlie injury. The reason for thia more rapid 
gro\vth, eontiiiues Wiesner, is tbat the nu t rit i ve fluids 
intended for the tip are prevented by the injury froni attaining 
the tip, and, con9eqiiently, go to build up the cell-wallB above 
the womid. While the poiisibility of this explanation cannot 
be denied, the iacts are not opposed to anotber interpretation, 
such as ia offered by SrAtfLDisG, and which is more in acconl 
\vith the esplanations of other ttopic phenomena. This expla- 
nation ia that the wounding producea a chemical change in the 
protoplasm of one aide of the root, such that growth occnra 
more rapidly upon that side, either as a result of increa.sed 
upbuilding of cell-wall3 or of increased imbibition of water, or 
of both. 

§ 4. Effect of Floaving Water upon the Dieection 

OF GrOWTH — RHEOTROriSM 

When the radicle of a bean is suapended by the cotyledons 
above a atream of flowing water, ao that it lies in the axia of 
the current and points down streaui, the free end, as it growa, 
gradiially turna, and becomes directed up stream. It turns 
againat the current. 

This remarkable phenomenon, named rheotropism by its dis- 
coverer, JoNSsos ('88, p. 518). has been carefully atudied by 
him by the foUovving method : The streain, who8e rate could 
be controlled at will. flowed in a trough. Over the current, 
seedlings of maize and other grains. with well-deveIoiwd rad- 
iclea, ivere suapended 8o that the radicles lay in the axi8 of the 
current, and were directed either up stream or down as desired. 
When the rootleta were directed do^vn stream. a turning began, 
after a latent period of several houi's. and reached its flnal ]M>si- 
tion in the current in about tn'eiity hours. If the rootlet wbs 
originally directed up atream. it siraply grew straight ahead 
until mechanical!y bent out of position by the impact of the 
ivater, By directing a rooliet nlternately down stream and up 
stream after cach rheotropism hn& occurred, the wbo]e root 
may become very zigzag. These facts 8ho\v clearly that cer- 



388 EFFECT OF MOLAR AGENTS UPON GROWTH [Ch. XIV 

tain radicles are sensitive to the impact of water, so that they 
turn in such a way that the irritant shall affect their two sides 
equally, and shall be direeted against the tip. While the pre- 
cise part of the radicle whieh is sensitive to the current has 
not been determined, the responding part is in the region of 
greatest growth, and the response is such that the root becomes 
concave towards the irritant. 

Among animals, a response which probably belongs to this 
category has been observed by Loeb ('91, p. 36) in the grow- 
ing stem of the hydroid Eudendrium. In a vessel of water in 
which aH other hydranth8 turned towards the light, there wa8 
one which rose near the cloacal opening of an ascidian, from 
which strong currents of water passed. This individual wa8 
turned with its concave side towards the impinging current. 
It is probable that the current had induced a rheotropic 
response. 

SUMMARY OF THE ChAPTER 

The rate of growth of the entire organism or of its organs 
is accelerated by contact, as in the stolons of hydroids; by 
rough movement, as in bacteria ; by cutting — when accelerated 
growth occurs along the cut surface. Growth in length 
may be retarded by puUing, as in stems and roots. Many 
organisms show themselves very sensitive in their gro\vth to 
mechanical irritation. 

The direction of growth is determined by external agents, 
acting as irritants, in the cases of the twining dodder, tendrils 
in general, roots, the hyphie of Phyconiyces, the rhizoids of 
hepatics, and the hydranths of various hydroids. Wounding 
may cause a turning from the wounded side in the radicle of a 
seedling, and radicles and hydroids may even grow so as to 
face the current. 

The sensitiveness to contact may be excessively great, a 
8winging cotton rider weighing 0.00025 mg. causing a tendril 
to bend. This sensitive region varies from near the tip in 
roots to some distance behind the tip in the čase of tendrils. 
The response may occur after seconds, as in Cuscuta, or after 
hours, as in traumatropism of radicles. The bending U8ually 
reaches a maximum at the region of greatest growth. The 
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stimulated condition persists for some tirne after irritation, so 
that a summation of effects may occur. An acclimatization to 
contact may appear, when no response is invoked by tlie irrita- 
tion. The thigmotropic response may be explained, in general, 
as due to a chemical change, wrought by the one-sided impact, 
such as to cause ^ disturbance in the equality of the growth 
processes — assimilation, secretion, or imbibition — on the two 
sides of the organ. 
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CHAPTER XV 

EFFECT OF GRAVITY UPON GROWTH 

§ 1. EfFECT OF GrAV1TY UPON THE RatE OF GrOWTH 

• 

It 18 a result of the sessilitjr of the higher plants that they 
and their parte are acted upon continuously in one direction by 
gravity. It might consequently be suspected that the rate of 
their growth would be affected if they were placed in an 
abnormal position with respect to this agent. In the experi- 
ments which have been made to test the correctness of this 
suspicion various methods have been employed. When the 
growth of Penicillium which is removed from gravity'8 action 
by being slowly revolved on a klinostat is eompared with that 
of a plant under normal conditions, the former is found to be 
more rapid. The plant seems to reap an advantage from not hav- 
ing to sustain its own weight (Ray, '97). When Phyeomyce8 
is inverted, its gro\vth is slo\ver than in the normal position 
(Elfving, '80). These two experiments upon fungi indicate 
a considerable sensitiveness on their part to gravity. Experi- 
ments made by Elfving ('80) and Schwakz ('81), upon the 
gro\vth of inverted phanerogams and those from which the 
action of gravity had been eliminated by the 8lowly rotating 
klinostat, as well as those which had been subjeeted to exces- 
sive pressure by the centrifugal machine, yielded for the most 
part only negative results. Upon the rate of growth of seed- 
lings gravity has little effect. 

§ 2. The Effect of Gravitv upon the Direction of 

Growth — Geotropism 

As with contact so with gravity two classes of effects may 
be distinguislied, which, while often producing similar results, 
bring them about through very dissimilar processes. The first 
of these is a mechanical effect due to gravity aeting upon the 

aoi 
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growing organ as it might upon any other heavy bo(ly. The 
second is a vital effect, having no immediate, direct, pliysical 
relation to the cause. The first may be called false geotro- 
pism; the second, true geotropism. 

1. False geotropism may be treated very briefly, since it is 
not a true growth phenomenon. As an exaniple of such geotro- 
pism may be cited the downward bending of the top of a stem 
heavily laden with a head of seed or with fruit, or the upward 
growth of the long fronds of kelp in the sea on account of the 
buoyant effect of the dense sea water. In such cases the 
direction of the growth can be accounted for upon well-known 
principles of hydrostatics. 

2. True Geotropism. — The biological effect, on the other 
hand, which is seen in true geotropism is of ten opposed to 
the gross physical one. It sho\vs itself e8pecially in various 
groups of sessile plants and animals. Since, unfortunately, com- 
paratively few experiments have been made upon geotropism 
in animals, the great mass of our knowledge on this subject is 
derived from studies on plants. 

The general fact of geotropism strongly impresses one who 
stands on the shore of a lake in our northern country and looks 
across to the dense pine forest on the opposite side. The 
landscape is composed of vertical and horizontal lines — 
vertical lines below formed of close-set trunks of trees, hori- 
zontal lines above formed of the great branches. If at one side 
a steep slope ascends, its outline is obscured by the grill-work 
of perpendicular lines formed by the vegetation which clothes 
it. Here the effect — the dissimilar effect — of gravity in 
determining the direction of growth of two organs, trunk and 
branch, is seen. There are, however, stili other organs which 
may respond to the same stimulus. Among these are the 
roots, flower stalks, and leaves of phanerogams ; the vertical 
parts of many vascular cryptogams ; the sporiferous hyphae of 
fungi and some vertical algse, e,g, Chara. There is no need to 
examine ali these cases of geotropism, but only such of them as 
will help us to get at the principles of the action of gravity in 
determining the direction of growth. 

a. Roots, — When a seedling is so placed that its radicle is 
horizontal, the radicle does not continue to grow out in the 
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Kame direction ; but ali additional growth is vertical so tliat 
the radicle bonds Bharply downward3 — it is poaitively geotropic. 
The curvatiire does not take plače at the very tip of the root, 
— in the regioii of growth bj' assiinilation. — but immediiLtelj 
behind in the region of stretching or of grovvth bj imbibition. 
The precise region at which tlie ciirvature occurs v/as deter- 
mined by Ciesieiski (72), by ineans of a metbod illustrated 
in Fig. 106. It is here seen tliat 
llie inaximiini bending occurs in this 
radicle at between 3 and 4 mm. Croni 
the tip. It is also plain that the 
geotropic eurvature is in some way 
connected with grovvth — could not 
occur without growth. 

To show that the normal vertical 
growtli of a root is due to the press- 
ure of gravity. Ksight, in ISOtJ, 
deterinined experimentally that the 
direction of its growth ean be deter- 
mined hy otlier pressures replacing 
gravity, sueh as centrifugal farce. 

Thus \vheu seedliiigs were attached '^°l',?:;r*"°5'!'"'"iL".?l?^' 
to the rim of a wheel and tliis was 
niade to rolate rapidly aboiit a hori- 
zontal axi8 the radicles grew strajght 
outward from the asis; thus in the 
sense in which the centrifugal preas- 
ure acted, as before they had grown 
in the sense of the puli of gnivity. 

A secoud niethod of proof. einployed by Sachs ('79), consisted 
in eliniinating the e£fect of gravity by ineans of the klinostat 
(Chapter V, § I), under whieh eircumstancea the root grew 
irregularly. tiucli results leave no room for doubt that it is 
gravity which determines the verticaUty of the root, 

The question now arises, in what way does grHvity control 
the direction of growth of this organ? An earlv suggestion 
was that the action nas direct. due to the relatively great 
specific gravity of the root tip ; but this idea \vas ea8ily refuted 
by a mass of evidence, Thus it is not, a priori, eaay to see 
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how the mere weight of the tip of the plant, supported as it 
is by the firm soil, should enable it to find its way down. 
Experiments, also, have 8hown that the radicle will curve 
downwards against eonsiderable resistauce such as is afforded 
by the surface of a eup of mercury, by a weight which is lifted 
by means of a thread passing over a pulley (Johnson, '29), 
or by a delicate spring whieh is compressed by the down-eurv- 
ing radicle (Wachtel, '95). By these various methods it has 
been demonstrated that the down-curving of the geotropic 
radicle is an active process capable of overcoming resistauce 
amounting, in one čase, to 150 railligrammes. Consequently 
gravity does not act in a grossly mechanical way, but as a 
stimulus inciting a grovvth response. 

If now the down-curving of the root is a response the 
question arises, where is the stimulus received ; at the region 
of curvature or at some other point ? This is a question which 
has excited much discussion, owing to apparent contradictions 
in the experimental evidence. The first attempt to ansvver 
this question was made by Ciesielski * ('72), who cut off the 
terminal one-half millimeter of the radicle, placed the rootlet 
in a horizontal position, and found that, although growth con- 
tinued, no down-curving occurred until, after several days, the 
root tip had regenerated. He concluded that the root tip 
is useful or necessary in geotropism. Sachs ('73, p. 433) 
repeated Ciesielski's experiments and likewise found an 
incomplete exhibition of geotropism. But this he attributed 
to the excessive irritation of the cutting, which led to exagger- 
ated movements of nutation, tending to obscure geotropism. 
Darwin ('80) confirmed Ciesielski's results after both 
cutting off the root apex and cauterizing it, and explained 
Sachs' partial failure to get like results on the ground that he 
did not amputate the radicle^ in a strictly transverse direction. 
Darwin concluded that the "tip of the radicle is alone sensi- 
tive to geotropism, and that when thus excited it causes the ad- 
joining parts to bend." The exact length of the sensitive part 
seems to vary with certain conditions, but it is generally less 



* Hartio (^GQ, p. 63) had already stated that the decapitated root was not 
geotropic. 
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than 1 to 1.5 ram. ThiB terminal milUmeter or so, then, acts 
like a aense organ in a vcrtebnite, which receives the sensation 
at some distance, it raay be, from tbe responding organ. 

Krom this tirne ou, t\vo scIiooIh inay be distinguished, of 
wliicli the first, foUowing Dai{WIN, regarded tbe stimulus as 
received at the root tip anJ transmitted to the region of 
growth ; wbile the secoud conceived tbe stimulus to act di- 
rectly upon the root in tbe bending region and to arise from 
the difference in tlie pressures ou tbe upi>er aud lower surfaces 
of the radicle. The second school persistentlv denied the 
validity of the decapitation esperiments, Wiesneh ("81) in 
particular maintaining that decapitation inhibited growth and 
conHequentIy grovrth curvatures, but did not necessarily reniove 
the sensitive organ. The first school was forced to new experi- 
menta. Frascis Dar\v1n ('82) maintained on the hasis of 
sucb experinients that it is not the cutting per te nhieb 
inhibits geotropism ; for tbe cutting of the root tip, as for 
exan]ple, lengtb^vise, without tts renioval, perraits the normal 
response. But it wa8 eaay to reply to this that a transverse cut 
might well affect growth more 8eriousIy than a longitudinal 
one, 

The 8ati8factory solution of tUis diilicu]ty required a raethod 
by which, without niutilating the root, gravitj should act 
horizontalIy upon the chief growing part of tbe root witbout so 
acting upon the root tip. A raethod for accomplisbing this 
ivas invented by Pfefkeb ("&4). A radicle of a bean or otber 
species, fixed to a klinostat, wa8 inade to grow into a small 
glass tube, closed nt its further end aud bent ao ua to form two 
arms, at right angles to eacb otber, aud each ahout 1.5 to 
2.0 mm. long. The preparatiou wa8 now 
tumed until the root tip wa8 directed ver- ^ 

tically downwarda, wbile tba rest of the -il 

root, and especiaUy its chief growing re- tSi) 

gion,wa3 horizontal (Fig. 107). This region 
was then subjected to the fnll transverse 
action of griivity, wbile the tip vvas not so 
acted upon. Afeanwhile the normal growth 
proceases were not interfered with. for as the root lengthened 
it backed out, so to speak, from tbe bent tube. the apex remain- 
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ing at the blind end. Under these conditiona no geotropic cur- 
vature occupred ; but such curvature alway8 took plače wheii 
the root tip wa8 placed horizontally or at any acute aDgle with 
the liorizoii. This esperiment seems, theii, better fitted than 
any previoiia one to prove that the geotiopic aensitiveneas of 
the root resides in the apex." Consequently, since, as an in- 
spection of Fig. 106 will 8how, the curving part of the root caa 
contain none of the originaUy irritated celU, there muat be a 
transmission of stimuli froro the root tip to the curviug region. 

Two aasociated phenomeiia remain to be conaidered. Firat, 
geotropic reapnnse is more powerftil, the bending becomes 
etroDger, as the angle made by the root witii the vertical in- 
creases, reaching a maximum vvhen the root is horizontal 
{Sachs, '73, p. 454). SecondIy, as already indicated, response 
doea not take plače immediately after the root is placed liori- 
zontaIly. In one experiraent of Sachs' ('73, p. 440_) a bean 
radicle placed horizontally and growing in looae earth at 20° C, 
began to turn downwarda in the second hour. There is thua a 
conaiderable latent period. 

The cause of geotropiam in roots is indicated by the con- 
ditiona of its occurrence aiready mentioned. It ia intimatelj 
sssociated witb grovrth, yet, as KlECHNER ('82) has shovn, it 
may occur at a temperature (2° to 3.6° C.) at which growth is 
extremely 8low. The turning is clearly dne to unequal growth 
upon the conves and concave sides of the root. But is it due 
to acceleration on the convex siJe over the normal, to retarda- 
tion on the eoneave side, ur to both? Measurements ha ve been 
made upon plants to decide this que8tion. In one aet of such 
meaaurements made upon the bean radicle by Sachs ('73, 
p. 463) the growth wa8 hostened about -S% on the convex aide 
and retarded 42% on the concave side, so that both accelera- 
tion and retardation occur, 

Finally, lateral roota which run more or lesa obIiqaely dowii- 
Tftards have been 8hown by Sachs ('74) and othera to be 
influenced by gravity; for. if the plant be inverted, the roota 
will turn uritil they aasunie their normal inclination to the 
horizontal plane. 

• But Bpeciea maj diHer In thia respect as io phototropism (aee page Wl). 
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fi. SUm». — Tlie central fact tljat the upward growth of 
ateniB is determined by gravitj' is eatablished by tlie observa- 
tioiia that on tlie klinostat no definitely 
directed growth occurs, and that on the 
centriftigal machine the stem turna in 
the opposite aense to that of the cen- 
trifugal pressure. The steni b nega- 
tivelj' geotropic. As vvith roots, so with 
stems, H number of question3 now ariae : 
Where is the senaitive region and where 
the response? At what inclination of 
the stem is the strongest geotropic cur- 
vature called forth? \Vhat is the im- 
mediute cause of the curvature? 

As Fig. 108 shows, the response of 
the stem of a seedling is fundamentally 
different froni that of the radicle, In- 
stead of the tropism begioning at one 
point, and continuing there as in the 
root (Fig. 106), it begins close beIow 
the Gotjledons of the seedliog aud pasaes 
downwards tovvards the base as far aa 
growth is stili occurring. Kesponse, 
consequently, takes plače along the whole 
"fltrelching" region. The seositive re- 
gion also, unlike that of the root. la not 
confined (o the tip, but extend8 along 
the entire hending stem. 

The positioii in which the strongest 
response is incited vvas believed by 
Sachs (79". p. 240) to be the horizontal 
one. and Batesos and DAltw[s ('88) 
liave Gonfirmed thia conclusion. Their 
method depends upon the fact that a 
stem placed horizontally and reatrained 
for several hours from taking the verti- 
cal position will. upon being rel«a8ed, 
Buddeiily sprtiig upvards. 
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In using thia method it was found 
that the stem spriugs through a ^reater are after bavin^ 
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restrained for two hours in a horizontal position than if re- 
strained in any oblique position, whether the tip be directed up 
or down. 

Concerning the cause of the curvature there is little to add 
to what was said under "Roots." The remote cause is appar- 
entlv the dissimilar aetion of gravity on the upper and the 
under sides of the stem ; the immediate cause is the difference 
in growth on the two sides of the stem. In the special čase of 
stems with knots, the knots show themselves especially respon- 
sive to the geotropic stimulus. 

C, Rhizoma, — These horizontally running, root-like, subter- 
ranean stems are strikingly responsive to gravity, as Elfving 
('80), especially, has shown. He has reared various rushes in 
a glass box with their axes making various angles with the 
vertical. In their subsequent growth aH the rhizoraes of the 
plants extended in a strictly horizontal direction. In this čase 
any component of gravity, however small, running in the direc- 
tion of the axis of the rhizome seems to irritate. The curving 
into a horizontal plane may be called transverse geotropism 
(diageotropism. Frank). 

d, Cryptogam8. — We have already seen (p. 391) that the 
sporangiferous hyphaB of Phycomyces nitens are negatively 
geotropic. The same is true of certain algfe. Thus Richter 
('94) has found that when the stem of Chara is inverted the 
youngest two or three internodes curve upwards in their 
further growth so that the apex of the stem is now directed 
zenithwards. On the other hand the rhizoids of this species 
are positively geotropic. Rotation experiments show that in 
the absence of the directive pressure of gravity there is no 
definite orientation. Finally, some mosses are slightly geo- 
tropic. Thus, Bastit ('91) reared Polytrichum juniperinum 
in the dark in both air and water, some plants being placed right 
side up, others inverted. In both cases new branches budded 
from the roots and, although etiolated, grew irregularly up- 
wards — there was a feeble negative geotropism. 

e, Animah, — Since only sessile organisms can be expected 
to show marked geotropism, this phenomenon among animals 
must be confined to rather few groups. It has been studied 
hitherto exclusively in the group of hydroids. Many repre- 
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sentatives of this group Bhow themselves, howeyer, markedljr 
responsive. 

The first observations upon geotropism in hydroids seem to 
have been made by Loeb ('91% pp. 27, 28). He sajs : "When 
a stolon wa8 fornied at the cut end of a vertical stem (of Ag- 
laophenia) it grew (in čase it did not come in contact with a 
solid body) first a short distance horizontally, and then down- 
wards. In horizontal stems the stolon grew directly down- 
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Fio. 109. — Positive geotropism of regenerated stolona (ITi, W^) and negative geotro- 
pism of regenerated hydranths of Aglaoplienia plunia. Tlie original piece of th« 
8teni is include<l bctween b and c. Tliis piece was placed yertically. riglit end up, 
in tlie atiuarium. At the cut end, 6, the stolon (Ifi) has arisen, but has soon begun 
to grow downward8. It has produced a vertical hydranth at $. H*], au adventi- 
tioun stolon. (From LuBB, '91'.) 

Fi(}. 110. — Two bits of regenerating stems of Antennularia antennina. The one at 
the left is in the nonual position ; tliat at the right is inverted. From both, Dew 
hydranths {S) hare developed at the upper end, and uew stolons {W) at the lower 
end. (From Lobb, '92.) 
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wards." " Adventitious stolons grew directly downward8 
toward8 the earth. This was most noteworthy when such 
adventitious stolons arose from a reversed stem (with the apex 
down) sticking in the sand ; under these circumstances the 
stolon grew towards the apex. These descending stolons 
showed occ£tsionally twistings and curlings, such as are found 
in tendrils. The newly arising sprouts [hydranths] behaved 
in the reverse fashion from the stolons : they grew vertically 
upwards" (Fig. 109). Subsequently, Loeb ('92, p. 8, '94) 




111 

Fio. 111. — A bit of re^enerating stem of Antennalaria anteimina placed in the water 
obliqae1y, with the basal end downwards. The new hydrauths {S) and stolons (TF) 
arise Tertically. (From Loeb» *92.) 

Fio. 112. — A pieceof the stem of Antennalaria placed horizontally, and regenerating 
stolons (r, r) downwards, and hydranths (6, c) upward8. (From Loeb, '94.) 

found another hydroid, Antennularia, which, whether tlie stem 
was held inverted, oblique, or horizontal, sent out new stems, 
which grew vertically upwards, and stolons, which grew verti- 
cally downwards (Figs. 110, 111, 112). The growing stolon, 
if moved out of its first position, will curve until it acquires 
again its vertical direction. The geotropism of stolons has 
been likewise carefully studied by Driesch ('92). This 
author found in a species of Sertularella that, although the 
main stolons are not geotropic, the daughter (secondary) sto- 
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lons are markedly negatively geotropic. As the following 
figure 8how8 (Fig. 113), it is only the newly growing part 
which exhibits this geotropism. These geotropic inovements 




Fio. 113. — IHafcrams of a Sertularella stock, 8howinf; how the direction of gTowth 
is determined by grav!ty. The arrow points toward8 the earth'8 centre. Tbe stock 
originallj placed in the position a is 8ab8eqaently reversed as at b, and again aa 
at d, The asterisk indicates a hydranth. (From Dbibsch, '92.) 

in animals, which occur near the growing apex, are clearly due 
to unequal growth on the two sides of the inclined stem or 
stolon. 

Many untouched qiiestions on geotropism in animals arise 
for solution — questions about the location of the perceiving 
and the responding portions of the stem, latent period and 
after effect, and others. Especially is it desirable to find how 
wide-spread the geotropic phenomena are in sessile animals. 

/. After-effect in Geotropism. — When a root or stem is 
placed horizontally, and retained in that position for a part of 
its latent period, and then, before tlie curving has appeared, is 
rotated on its long axis through 180^, the tiiming takes plače 
at about the time and towards tlie same side as it wouId had 
the organ been left undisturbed ; in its new position the root 
turns up, and the stem, for the moment^ down. The response, 
oncc set in motion, works itself out« until finally annihilated 
by an opposing response (Hofmeister, '63 ; Ciesielski, 72). 

This experiment has been variously modified in ways which 
throw liglit on the meaning of the after-efifect. It has repeat- 
edly been observed that if the root tip be decapitated befa 

2d 
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the end of the latent period 'the geotropism will occnr in the 
normal manner. The impulse once transmitted, the geotropic 
function of the root tip is finished. Again, Sachs ('74*) laid 
a stem in a horizontal position for an hour or two, until up- 
curving had commenced near the tip. The tip was now held 
horizontal, and for from one to three hours, during which 
stretching took plače, the horizontal part grew horizontally, 
while the new tip turned zemthward8. The tip in turning de- 
termines the direction of the incipient stretching zone, and the 
stretching continues in this direction without regard to subse- 
quent changes in position of the stem. The stretching is inde- 
pendent of any control on the part of the tip. 

Other conditions of geotropic after-effect have been deter- 
mined by Wortmann ('84). He treated a stem according to 
Sachs' method, and placed it in a charaber filled with hydro- 
gen. Growth ceased. After oxygen was readmitted the tip 
turned up at once, but no after-eflfect appeared. This had 
been annihilated by the absence of oxygen. If, however, the 
stimulated sprout was placed vertically in de-aerated water, 
there was an after-effect, but no geotropic response. So we 
may conclude that, in the absence of oxygen, the geotropic 
response will not occur : and that an after-eflfect may occur if 
the stretching tissue is bathed with ^ater for imbibition, but 
not under other conditions. 

SUMMART 

The rate of growth seems to be little aflfected by the absence 
of gravity or the abnormal condition of its action, except in 
some of the higher fungi, where the removal of gravity hastens 
growth, and its abnormal direction retards. Geotropism is 
found only in sessile organisms. In roots the turning occurs 
in the region of greatest growth, and the tip alone is sensitive 
to gravity's action. The response is preceded by a latent 
period, and is strongest after the root has been placed hori- 
zontal ; it is due, in the čase of both roots and stems, to an 
acceleration of growth on one side and its retardation on the 
other. In plumules the turning begins near the tip and pro- 
ceeds towards its base ; the whole bending region is responsive 
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as well as sensitive. Many cryptog^ms 8how negative geo- 
tropism. Many branches and rhizoraes show transverse geotro- 
pism. Among animals, hydroids show negative geotropism. 
A marked after-eflfect follow8 negative stimulation, by means 
of it we can 8liow that stretching or the geotropic curvature 
are independent of any control from the tip after once the 
stimulus has been transmitted to the stretching region. Like 
other responses to stimuli, geotropism does not occur in the 
absence of oxygen. 
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CHAPTER XVI 

EFFECT OF ELECTRICITV OS ORfiWTH 

% \. EfFECT OF ElECTEICITV t'l**»' THK Katk t,f ii%tf^vm 

Electrical chan$;es are »o intimatelf wwim»t>:rl »i^fh rhi^nv- 
ical changes tbat ire ntay reaw>naltly ex[>Act mrt '>nly f > &(ul i!h«fl 
the metaholio prnceMAeA o( (fTowth ar« ar^fjmjjuhi«:'! ►■T' fJtute 
developrnenc o( electriintj, hut ala« to fifi'J rh»f. *ft *W.f.*irt- 
cnrrent clLnurbn ]^f*wth. It m in')Af:r) kmivvn that otl*r'-f-*;/i(!y 
ia pralnoerl in !werIIin£fA. for Mrr.r.Kfc-Micrff-fSftr.s ^"''!>t^ i',«* 
obtained Erom a wwrllinsf ftf Vi^ria fa^M fiy fti-.fin^^r^injf tr«« ii*'v 
extreiiiitie!t a matimnm ftl^irf.f.- 
CKitiT-e forcft of ah^nt c.nft-f>nr.h 
of a Tolc- rfisf. tit.; Th*T« i* 
ihoa in tihft U-oinif f-lanf. *n ftl«v.-- 
tric :itrww. W"il! an i-mfj*idA mu* - 
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Upon growing plants, on the other liand, numerous experi- 
menta have been made. Nevertheless there is stili a difference 
of opiniou eveu »s to the occiirrence of any effect. During the 
middle of the last eentury much attention was paid to tliis 
subject. Berthelon (1783) and several others concluded 
froin extended researches that electricity favors plaut gro^vth ; 
biit their resiilts, apparently having no practical value, were 
largely forgotten. A century later Gkandeau ('79) revived 
the idea of the beneficial effect for plants, not nierely of cur- 
rents of electricity, but also of those of the atmosphere. This 
paper eeems to have been the starting-point of the modem 
discussion. 

The metbods einployed in stndying the action of electricit/ 
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imospheric electricilj upon tbe growth o( plants. A, T<^ 

>r nonnal conditlons. B, Simllar pUnt reared 

wbli^li it is iaulatcd From the acllao ot atmospberic eleo~ 
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have been of two general kinds. On tlie one hand the 
seedling is eleetrified by passing a current through the soil in 
wliich it is growing and after several days comparing it with 
an untreated seedling. On the other hand the tensiou of the 
atmospherie electricity is altered either by electrifying the air 
of the ehamber in which a plant is growing, or by isolating a 
plant from the action of atmospherie electrieity by means of a 
cage made of fine wire and with meshes so wide that a minimum 
amount of light is cut out (Fig. 115 A and B). 

The method of passing a current through the soil has been 
employed by Warkex ('89), Chodat ('92), McLeod ('93 and 
'94), and by other investigators with results favorable to the 
plants. McLeod passed the current transver8ely. He šunk 
plates of metal on either side of the pea seeds employed in the 
experiment and used a current from a single celi. While 
the control seedlings germinated somewhat earlier than the 
eleetrified ones, at the end of 45 days the latter had outstripped 
the former. Again, a coil of wire, partly stripped of its insula- 
t ion, was inibedded in the ground, and from a lot of similar 
mustard seeds some were placed next to the uncovered wire 
and others about one inch away from the insulated part of the 
wire. A constant current was sent through, and at the end of 
seven days the seedlings planted near the uncovered wire were 
one-tliird larger than the others. Chodat used a current 
passing lengthwise through the plant. Similar beans were di- 
vided into two equal lots and each was reared in glass cylinder8. 
under similar conditions, except that one was unelectrified 
while the other wa8 eleetrified by the following method. The 
cvlinder rested on one armature of tin-foil while the other wa8 

* 

suspended 1.8 meters over the first. The armatures were 
connected with a Holtz machine and a current wa8 passed 
tlirougli the eylinder for about three hours each day. The 
result was that on the fourth day leaves began to show on 
the eleetrified seedlings but not on the control ones, and 
on the seventh day aH the eleetrified seedlings had attained 
considerable size, whereas the control ones were just making 
their appearance. The eleetrified seedlings were spindling, 
h<)wever, much as if reared in the dark. Wauken'8 ex{>eri- 
nients are noteworthy in that he found the seedlings >vhich 
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were nearer tlie poaitive electrode more advanced than those 
wliich \vere nearer the negative electrode, 

The method o£ electrifying the air over the plants vu 
emplojed by Celi ('78), Freda ('88, on Penicilliura), and 
Lemstrom ('90). Their methods were 8omewhat dissinular: 
Celi diacharged statie eleetrieity through a wire breaking up 
into fine points over the growmg seedlinga and got increased 
growth-, FiiKDA used a similar method with FenicilHum 
reared on bread but obtained uo £avorable effeet ; LEMaiROM 
conducted his experimenta upoii a hirger scale, since he 
covered a small part of a field of germinating barlej with fine 
parallel wires about a meter apart, provided with metal points 
at intervals, and supplied with a current from a Holtz macbine 
during eight hoiirs a day for over two months. In Lem- 
strom's esperiments the yield of the electrified field wa8 
35% in exce83 of that of the uneleotrified, and the quality of 
the grain waa better. These experimeut8, which extended 
through aeveral yeara, were carried on in various parts of 
Scandinavia and in France, and generally reaulted in a favor- 
able effeet upon the growth of malt crops. 

The method of eliminating atmospheric electricity was uaed 
with suceeaa by Grandeau ('79), who enip!oyed the method 
of isolating seedlinga in a wire cage referred to on p. 407. 
The planta reared in the wire cage grew uniformly leas rapidly 
than similar plants reared outside. Aloi ('95) has confirmed 
theae resulta with the same method, using maize and beau 
seedlinga. 

On the other hand otber investigators, preeminently 
WoLLNY ('93), who used the nietbods both of increasing and 
of eliminating atmospheric electricity. obtain onIy negative 
resulta. Thua the whoIe matter stands, rejected on a pHori 
grounds by many, denied as a reault of negative esperiments 
by otbers, but stili apparentiy demonstrated by tbree lines of 
esperimentation, none of tbem, however, free from criticism. 
There prevails a cautious scepticism concerning the validity 
of the positive results obtained. 

VarioHs explanations have been offered by those who accept 
the positive results. Freda, wbo found that Penicillimn is 
injured by the increased atmospberic eleetricity, attributed that 
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in]'ury to tbe greatlj' increased nmount of ozone that appeared 
in his vessels. In the opeu air. on tlie otlier hand, the increase 
of ozone woiild be relatively so sliglit timt it might well be 
advantageous to gro\vth, Wari[en's results would then be 
accounted for by the fact tbat the ozoue ia eapeciallj' produced 
at tbe positive pole, thua favoring (or a tirne the excessive 
grovvth at tbat pole. On tbis explanatiou tbe electricity woutd 
act only indirectly. Somewhat similar ia the conclusion of 
ThodVESIU ('96). that the electric current aids the plaut in ita 
decompoaition of carbon dioxide. On the other hand there is 
reason for believing that since plants are adjusted to aii 
(internal) electrical condition, a slight exterual one mlgbt 
be advantageous rather thaii injurious. 

§ 2. Effect of Electricitv i'pos the DniECTioy op 
Gi{uwTH — Electkotropism 

In 1882 the Finnish botanist El.FViXG annoimced his dis- 
covery that when tlie radicle of the seedling of a bean or of 
certain other species wa8 subjected in water to a transverse 
current of electricity, it grew toward9 the anode. This wa8 the 
introduction to a fteries of intereating studies on what has been 
called electrotropism. In cla8sifyiMg the data which have been 
acquired vre may make use of tlie foUovving licada : 1. (-"alBe 
and Trne Electrotropism ; 2. Electrotropism in Phanerogams : 
3. Electrotropism in Other Organisnis ; 4. Magnetropism ; and 
6. Explanation of Electrotropism and Suuiniary. 

1. False and True Electrotropism. — Klfvlng hiraseU ob- 
served two opposing phenonienn in the aeedlings which he 
subjected to tbe current. In most cases the radicles gre\v 
towards the anode, but in one species, Brassica oleracea — tbe 
wild cabbage — the radicle grew toward3 tbe kathode. Elf- 
viN'G was inctined, in consequence, to believe that some species 
respond by growth in one direction and other species by the 
opijosite groivth ; that tbese are diverse respouses to the same 
agent, j ust as negative and positive cbemotropism are. Gradu- 
ally. bowever, it became evident, chiefly tbrough the work of 
MOi.i.Eii-nETTLiSGEN- ("83) and especially BRfNCHOBST ("M, 
'89j, that tbese results are due to dissimilar cftuses. Thus 
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Brunchorst ('84, p. 209) found that the radicles of seedlings 
of Brassica grow, under otherwise similar conditions, at a cur- 
rent intensity* of 0.03 S to 0.05 S, towards the kathode, and at 
a current intensity of 3.0 S towards the anode (Fig. 116). 
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Fig. IIG. — Eifect of difTereiit strengths of eleotric current on the radicie of Brassica. 
At the right: strength of current, 1.1 d; ali strongly negative and growing well. 
At the middle : strength of current, l.SS; after a few hours negative at the apex 
but positive higher up. A t the left : strength of current, 3.1 9 ; ali positive, weaky 
and dead. (From Brunchorst, '84.) 

If decapitation has occurred the kathode turaing does not 
follow, whereas the anode turning does occur as in the intact 
root. A similar result having been obtained with seedlings of 
various species, the eonclusion wa8 drawn that "the positive 
galvanotropic curving is a simple chemico-pathological phenom- 
enon which has only a superficial analogy with the direetive 
movements of roots, and therefore does not deserve the name 
galvanotropism " [electrotropisra]. 

The. cause of the positive turning effect, it has been sug- 
gested, lies in the fact that certain substances, perhapa 
hydrogen peroxide and ozone, produced in electrolysi8 act 
more injuriously upon the positive than upon the negative 
side. According to another explanation, offered by Rischawi 
('85), the positive curvature is due to the kathophoric aetion 



♦The current densitj (see Chapter VI, § 1) is calculated from the following 
data : The amount of copper deposited in a voltameter was 0.14 mg. to 35 mg. 
per hour during the course of experimentation. A current of one ampere 
inten8ity deposits 0.000320 gramme of copper per second or 1.17 mg. per 
hour per milliampere. Thus the strength of current varied from 0.12 to 30^ 
milliamperes. The determination of the density requires a kiiowledge of the 
cross-section over which the current spread itself. For this we may take the 
given area of the electrodes, 6499 sq. mm., which is not far from the cross- 
section of the trough. 
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of the current.* I)uBoi8-Rbyj[on"d had found that vhen a 

current was passed through a cylinder of hard-boiled albumen 

it becnme t-oncave tovards the anotle ovviiig to the passage o£ 

w[iter iitto the {dimt and its aggregatioii at the kathode side. 

Rl8CHAWi found that a cjluider of plant tissue did the same, 

and he attribtited this result as vvell as tltat seen in the living 

radicle to the accumulation of \vater at the kathode side. But, 

as BltUNCHORST points ont, ihia ia not the whole explana- 

tion, for the positive curving is generally aecompanied by 

death of the tissue, and death would not necessarilj result from 

the kathophoric action. By the use of a trunsverse partition of 

porous clay Buunchuust ('89) has beeu able to 8bow that 

the radieles in the positive ^ 

half of the vessel are much 

more seriously affected than 

those in the negative half, 

which fact the kathophoric 

theory will not explain, but 

the chcmical theory will (Fig. I 

IIT). In accordance with the _ -^ 

viewthut the positive reaction 

is not a reaction to stimulus, 

but i« a false electrotropisni, 

it will be lienceforth neg- 

leeti^d. The negative reaction, 

on the contraiy, iB a respouse 

to stimulus — a trne clectro- 

tropism. 

2. ElectTotTopism in Phane- 
rogams. — We have seen that 
the tiansverse electric cur- 
rent, nliun not too strong, 

causes a turning of the tip of the seedllng from the anode. 
That this turning tn a grontb phenomenon is indteated by the 
fact that it takes plače a few miUimeters behind the tip in ihe 
region of maximuin growth. Tliis is then the region of respouse. 

■ T)ic kaihoplicrir oction U «een -ahen »a plectiic cumiit paMU perpendlci 
Urly tlirougb a ponjus partition Bubinerged in wftler. The lEquid moves thraugl) 
the partition tawatiU the katbode (bencc called aUo eiecUical endosmoaia). 



■lty, (or liro boun. On the pivltlrc alcle 
o[ tbt partition ali the toott are iironfcl)' 
positive ; (III Uie negative eide, wbore tha 
water ii belDK tontlnuatlj reneviKl. the 
rooU are lilghtlj positive, briiiK lient leia 
tban «P. (From Bkunchurbt. 'bb.) 
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The location of the sensitive region Las beea demonstrated 
by vai-ious methods. Mulleh-Hettlisgen placed tlio tip only 
of a radicie in contact with moist ftannel tlirough \vliicli the 
current wa8 paasing ; tlie radicie turned from the anode. Also 
Brunchobst ('84) found that \vheii merely the apex was iii 
contact with the electrified water there waB a marked tuniing 
from the anode, even when the current wa8 bo powerful as to 
canse the submerged root to turn tovards the anode. The tip 
is sensitive. Next Brunchorst cut ofE the tip and found that 
no i^esponse occurred when the current traversed the i^adicle. 
Hence the tip is necessarj to response, and it may be con- 
cluded provisionally that as in geotropisra ho in galvanotroptsm 
the root tip ia the only sensitive part of the radicie. 

The critical point at which the electrotropic effeet passes 
into the mechanical one ia indicated by a signioid turning of 
the radicie. According to Brunchorst'« observations this 
critical point lies, at a temperature of 20°, for Phaseolna seed- 
lings near 1.2 S; for Ilelianthus near 1.3 8; for Lupinus, 
2.55; for Brassica, 3S; for Lepidimn, 3.5 S. These rcsults 
indicate that the different epecies have a diverse sensitiveness 
to the electric current, so that an iiitensity which causea the 
radicie of one species to turn from the anode will cause the 
other to turn toward3 it (false electrotropism).* 

3. Electrotropism in Other Organistns. — \Vhile the stolons 
of hjdroiJs, Uryozoa, auJ tuniuatcs offcr an excellent oppor- 
tumty for esperimenta ou electrotropism in aniraals, results 
have been obtained, so far as I know, outeide the group of 
phanerogams ouly iu the mold Phycomyees. Hkgler ('92) 
has subjected this organism not to the ordiBary electric current, 
but to Hertz' electric waves.t The result wa3 that, after 
esposing to the radiant electricity for from three to sis hours, 
the sporangiferous hypha; curved markedly from the source of 

• We cati now easily untierstand why Ei.pvtNo obtained, witb approximately 
UiB eame current, a positive curv^ture in manj specfes, but a nepative oue witli 
Brasska. As Ihe list jual glven BhowB, Ihe critical point in Brassica liea high. 

t Tliese were obtained by reflcotiug, by nieans of a pnrabolic tin rcflecior, 
tbe radiant energy upon tbe etema ot the fungi. Tbe lalter were corered with 
a pasteboard box, to keep out light, and the nhole ezperimeut was performed 
in a darkened room. Tbe (ungi w«re expcrlniented nith wbcn about 8 I« 10 
cm. long, a period vhen tbey are moat sensitive to ligbt. 
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the T3.ys in the same fashion, but not so power(ully, as they 
would have curved from Uglit. Thus, electric wave8 produce 
in Pliycomyce3 a negative electrotropism. 

4. Magnetropism. — It waB stated in an earlier chapter* 
tliat niiignetism iias no clearly established eEFect upon proto- 
phtsHi. Tlie alleged effect on groirth i«, con3equently, w((rtliy 
of nttentiou. Tolomei ('93) placeti over a glass vessel con- 
tainiiig genuinating peas a large horseshoe magnet, connected 
nitli a liattery coniposed of eight Daniell cells. Tlie gerini- 
nating orgaiis bent away from the centre of the magnetic tield ; 
by an appropriate position of the magnet the roots might be 
forced to grow upwards. Tolomei also assert« that voiing 
plants aro diamagnetic, i.e. tend to plače thetr long axes at 
right anglea to the lines of force of the magnet. Tlieae resulta 
are interesting enough to deserve confirmation. 

0. Ezplanation of Electrotropism and Suinmary. — Is elec- 
trotropism the ilirect result of the ciiiTenI, or is it, like the 
effect upon the rate of gro\vth, an indirect result, due, for 
instance, to chemical agents prod«ced by the current? If the 
action is indirect, it inay be either of a mechanical or of a 
chemical nature. RISCHAWI. who proposed the very clever 
expIanation of positive curvature on the ground of katophoric 
action, offered a similar explanHtiou for negative electrotro- 
pism. He finds that a cyliiider tnadc of coagulated yolk, and 
placed in the water transverse to the current, bends at first 
convex to the anode, owing to the more rapid diffusion at Hrst 
of water into that side ; but, later, when the \vhole mass 
becomes permeated, it bends ao as to be concave towards the 
anode. So, in the root, a weak current can induce a weak dif- 
fusion of the external water into the cells on the anode side. 
This theory doea not, however, raeet the conditions ; for, first, 
a long-continued weak current does not induce the positive 
curvature, and, 6ecoud]y, because the decapitated root does not 
turn from the anoile, and the irritatinn of the tip alone can 
induce the result. The mechanical thoory must bo rejected. 

There reniains only the otlier iheorv, that ihe negative tro- 
pism is a response to a stimulus of some sort applied at the tip. 
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It is possible that the stimulus is due to a chemical agent pro- 
duced by the cui-rent, or directljr to the current itself . The 
first alternative is opposed by the fact that the reflected 
Hertz wave8, which have little or no gross chemical effect, 
stili incite a response. There is every reason for concluding 
that the electric current, like gravity, and, as we shall see, 
light, acts in determining the direction of growth immediately. 

The electric current appears to affect the rate of growth of 
some plants, so that they grow more rapidly when lying in the 
magnetic field or in a highly electrified atmosphere than other- 
wise ; but this effect is often slight and uncertain. The direc- 
tive effect on the growth of elongated organs is more marked. 
Apart from a false electrotropic effect produced by the injury 
of the positive side of the root, so that growth ceases on that 
side, there is a true electrotropic effect, which shows itself in a 
turning of the root from the anode. This is a true response to 
stimulus, depending for its consummation upon the presence of 
the root tip. The Hertz waves produce this effect in Phyco- 
myces. Magnetism has an uncertain effect. The whole phe- 
nomenon is clo8ely like that of response to gravity and light. 
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CHAPTER XVII 

EFFECT OF LIGHT UPON GROJVTH 

We have seen in Chapter VII that liglit pro£oiindly affects 
metabolism, not only by its heat rays, which are essential to 
the process o£ starch formation in green plants, but also by its 
more chemically active rays, wliich produce chemical changes 
in organisms o£ ali classes. We have now to see hovv, as a 
result of these effects, light has an influence upon growth. 

§ 1. Effect of Light on the Rate of Gro\vth 

Two fundamental principles, established in the First Part of 
this work, m ust be recognized at the outset of this discussion, 
or else the data which have been accumulated will appear con- 
fused and meaningless. The first principle is that white light 
is not a constant, definitely determined thing, but varies in its 
intensity, and, as we saw in the čase of phototaxis (I, p. 201), 
at the different intensities produces diverse, even opposing, 
effects. The second principle is that not aH organisms are sim- 
ilarly affected by the same intensity of white light. This is 
because they are attuned to diverse intensities of light, so that 
the same intensity will call forth a dissimilar response in differ- 
ent organisms (I, p. 196). It is a consequence of these two 
principles that, when we clas8ify our data on the basis of the 
intensity of the light, we shall find dissimilar effects in each 
class ; or when, on the other hand, we classify on the basis of 
results, we shall have to consider in each class apparently 
diverse causes. Since, however, results are always more cer- 
tain than causes, we adopt the method of treatment on the 
basis of results. 

1. Retarding Effect of Light — We have already in the 
First Part of this work seen that Protista are injuriously 
affected by strong sunlight, cultures of bacteria becoming 
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sterilized and ordinary aquana being quickly deprived of 
living occupanta. To the higher organisms, on the other hand, 
sunligbt is generaUy not fatal, but is usuaUy unfavorable to 
growth. This result ia most clearly seeu in seedlings. Thus 
WiESNER ("79, p, 181) expo9ed seedlings of the vetch Vicia 
sativa uiider a clear glass globe to sunligbt, after baving 
marked off a centinieter'8 distance upon its zone of strongest 
growth, and liaving placed it in a horizontal position so tbat it 
slionld get the fuU force of the sun'8 ray8. No growth oceurred 
during seven and a half hours, although the eoutrol, in a dark- 
ened globe, turned its tip upwaid8 and grew from 2.5 to 
3.1 mm, during tbat period. A vertical seedling of the same 
age waB so protected by »ta foliage tbat in the sunligbt it grew 
from 0.6 to 1.2 mui. on tbe different sides. Thus, when the 
growing part of a seedling is expo8ed to snnlight, little or no 
growtb oceurs, and accordingly we find. os Sachs ('63) first 
pointed out, tbat tbe growing tissue of vegetative points is 
usuaUy protected from tbe sun^s ray8. 

In animals, likewise, it is notewortby tbat embryonic tissue. 
and indeed tbe entire einbryonic individual, is usually sheltered 
from sunligbt. In animals the en]bryo is sbeltered in the dark- 
ness of the maternal body ; in birds and reptUes tbe egg sbells 
are not merely niccbanicaUy resistant. but more or less opaque, 
and, moreover, tbe wboIe egg is UHuaUy hidden from ligbt,* 
The delicate, often externally pigmented, embryo8 of Ampbibia 
are often biirieci by one of the pareuts or else develop among 
veeds in the water. More rarely. as sometimes in the čase of 
frogs. they occur in open ponds, but tben inibedded in a thick 
envelope of albumen. Fiabes usually bury tbeir eggsf or affix 
them to the under side of stones or plače them in other Bbady 
retreats. To tbe general rule, liowever, pelagic fisb egga aeem 
to constitute an irnjiortant esception ; but some of tbese. per- 
hapB ali, caa change their level in the water (HeKhen and 
ArsTEls, '97, p. 63). Among moUuscs, embrvos are often 
retained in tbe sbell of the parent or laid in cspsules and then 

■ Blimc ('I>2) hu indeed Bhown thai the derelopmcnt of ilie tuio*a tfK !• 
nmcb reurded when subjected in itap incubator lo daylight. 

I M1U.BT ('3I>) bu Bhonn thst (^iclusion of llght is the ehlet tArtaitago 
gkitied in ibi« babit. 
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attached to the under side of rocks, hidden in sand or secreted 
in other shady places. Insects affix their eggs to the under 
side of leaves, provide nests for them, bury them in the earth, 
in masses of food, in a hundred places hidden from direct sun- 
light. Even the larvse, which 8warm on the surface of seas and 

lakes, sink before the rising sun and 
find protection beneath the superin- 
cumbent strata of water.* From these 
facts we may conclude that, in general, 
growth does not take plače in nature 
in full exposure to sunlight, 

Diffuse daylight, even the light which 
is essential to ali healthy green plants, 
markedly affects their growth. This 
is a matter of every-day observation. 
Who has not observed the contrast be- 
tween the elongated, 8craggy form of 
plants grown in the dark and the re- 
pressed, compact form characteristic of 
the light? (Fig. 118.) Experiments 
and comparative measurements give 
us an insight into the degree of this 
difference. Take, for example, the 
čase of tubers. Sachs ('63) planted 
similar potato tubers in flower-pots. 
One pot was covered with a clear bell- 
jar and placed in the window ; the 
other, which served as a control, was 
covered by a large flower-pot, thus re- 
maining in the dark. Both pots were 
kept equally moist. At the end of a 
period of 53 days, while the control 
tubers had produced sprouts from 150 
to 200 mm. high, those which had been 




Fio. 118.— Two seedlings of 
Sinapis alba of equal age. 
Et reared in the dark, etio- 
lated. N, reared in ordi- 
nary daylight, normal. 
Root hairs arising from 
the roots. (From Stras- 

BUROEB, NOLL, SCHBNCK, 

and ScHiMPBR, Textbook 
of Botany.) 



* The degree of protection from light afforded by lajers of water is indicated 
by certain calculations of Whipple ('06), who finds that in a reservoir who8e 
color is slight (0.33, platinum standard), a layer of water one foot thick absorbs 
25% of the light falling upon it, so that only 0.76 2, or 56%, of the light at the sur- 
face gets below two feet ; 0.75', or 42%, below three feet, and so on. 
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expo3ed to the apriiig smiUght were only 10 to 13 mm. high 
— a reduction to one-fifteenth the height in the dork. Many 
seedliogs show the same thing ; thus Sachs found that the 
hypocotyl of the buckwlieat (Fagopyrum). which attaine a 
height of 35 to 40cm. in the dark. reachea only 2 to S cia. wbeQ 
freely exp08ed on a 8Uimy day — here again a reduction in 
height of about 94%. This dimitiution in length is accompanied 
f»r a while by a diminution in size of the plant as a whoIe. This 
is 8hown hy the measurements of Kaiisten ("71). who raised 
kidney beans in the dark and in the light for a month or t\vo, 
and found that the entire individual reared during this period 
in the light weighed less than that reared in the dark. 

The proportionate weight in dork and light iras as 12 to lH, tresli veight. 
The only organs which were heavier in the seedlings growu in th^ light 
were the roots (slightlj-) and the leaves (as 5.4 to 1). This ezceM in the 
growth of illuminattid leares os compared with thoM developed in the dark 
is charcHsteristic only of iiucta as have broBdly eipanded blades. Such lenTeH 
seem to require the light for their f uU developnient ; the,T constitule a 
Bpecial cBse, the peciiliarities of who«e development nill be considered 
together nith that of other special case:^ in the last Part of this n-ork. Tlie 
growth of leaves, like that of the rest of the plant, is relalivelj retardt^d in 
the da^liine, but this is probabIy due to the incressed transpiration of that 
period (Pbantl, 73). 

The eflfect of daylight upon the growth of stems is, as Sachs 
has iK)inted out, unequal in the different plants. In extreme 
cases (internodes of Bryonia. a wild gourd ; of Dioscorea, the 
yam; etc.) daylight haa no evitlent eflfect. for the stems have 
the 8crawny, " etlolated " habit characteristic of plants grown 
in the dark, Plant« which are little repressed by light are 
aaid by Sachs to l>e cliiefly those ivhose ra])idly growing parta 
are aheltered from tlie snn'a rays by protecting coverings. We 
niay conclude that tlie growth processes of such plant« »re 
little interfered with by strong light. because their protoplasm 
haa throngh long esperience become attuned to it. £xcept 
where such attunement has occurred, light tenda to retard the 
growth of phanerogama. 

The germination of seeds and spores of fungi is accompanied 
by processes akin to those of f;rowth, and so may be trcated 
here. The germinating protoplasm of seeds is partly shielded 
from light by a thiek eoat ; nevertheless a series of careful 
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observera in the early half of the century, and, more recently, 
NoBBE ('82), Adbianow8KY ('83), and otheru, have 8hown 
that germiuation of ueeds takes plače slightly earlier in the 
dark than in daylight. AmoDg fungi, also, we have the aasur- 
ances of Hoffmann ('60, p. 321) that the spores of the mush- 
room Agaricus campestris germinate more Blowly in the Hght ; 
and of DK Barv ('63, p. 40} that the spores of the potato 
fungus, Peronospora infestans, and its allies do germinate with 
difficulty in the dayUght, and not at ali in the Bunlight. Thus 
the germiuation of spores 
even more than of seeds is 
retarded l)y light (p. 174). 

Passing uow to the growth 
of fungi, we find numerous 
and harmonious observations 
OE the effect of light. Fries 
('21, p. 502) first noticed 
that the growth of fungi is 
retarded in the light, and 

SCHMITzC43,p.512),KBAUS 

('76, p. 6), Vi.vES (78), Sta- 
MEROFF ('97), and others 
have confirmed this result 
for hymenomyeetes, the er- 
got fungus, and molds. " 
BiiEFELU ('77, p. 90 s '89, 
p. 275) found that the toad- 
stool Coprinus Btercorarius 
reared in the dark attains a 
length of two feet or more, 
while in the davlight it is 
only an inch long (Fig. 119). 
Again, the sporangiferous 
hypha of the dung mold Pi- 
lobolus microsponie, which 
is eight or ten inches long 
in the dark, grow8 only half 

lliB experi- 




'to. 119. — CoprlDDB atereorarloB tn redaced 
size. Fig. 1, tjpicftl jDung fr uit Ing 
fungus reftred In the light. Fig. 2, a, b, 
C, d, tutigus reaied In veak illumlnatloo. 
Fig. 5, Coprinus teareil In dsrknesa. 
1, KleTotlain ; 3, 6. stalk ; .1, 4, fnilt ; 
n.TootBi^.fafphfe. (From Brbf-bld.TT.) 



• But Bpi,lot ('97) denies it in the čase of Phfcomjces i 
nents are not, honever, couviaclng. 
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an inch loog in tlie (laylight. BaciUus ramosus, iu oue čase, 
grew during five huure, in the dark, 540 /i ; in tlie liglit, 200/* 
( WAitD, '95), These results demonstrate tbat the iiiliibiting 
or leUirding e£fect of aimlight, and eveQ of difFuse dajiiglit, 18 
p<jbably uneonnected with the cldorophj-11 function, but is due 
to a raore general effect of light upon growing girotoplafini. 

Even brief illiiniinatiou lias its marked effeet. Thus Vi^'EiS 
('78. p. 137), who haa made esact meaRurementa of Ihe hourly 
growth of the sporangiferous hj-phse of the mold Phycoiuyce9 
nitens, found that growth wiii) diniinished wheiiever the plant 
was8ubjectedforonly 
an honr to eiinliglit 
(Fig. 120). Thesiunr 
is true for phanem- 
gatns (GoDLEW)SK i. 



The great diurnal 
period of darkness and 
illuininatioo to which 
Iilnnts are subjeeted 
in nature likewise has 
its effcct on growth. 
The first studitjs made 
upon tliis subject wei-e 
by Trew in 1727. 
Numeioua observers 
followed, but it vras 
left to Sachs ('72), 
by the aid of his aux- 
anometer, to obtain a 
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Flo. 120. — D^■B^lmillQgt^ati^l{^he^otlin^lln■""l^l"'n«■ 
ot liiiht u|H>D Ibe grovth of k sub-urisl lin>l>ii »I 
Pliycomjws. The tlilck lino reprMHila ibe ™ur»e 
of Kioirth. tbe ibin lin« tbat of tcnip^Tnltim ; Ihr 
misbaded spscea, periols ol eiposore tn 11k'>' '■ !)>< 
Bbitiied spucMi, periodi nf cUrknea*. Thr BiniteB M 
Iha \ett inrllcaie t«nlba of miUimelera. ihoM at ib« 
ri|[bt. deBTfie« iif tompenturei thoM at th» lop, 
hours. <AfteiViNBS, TH.) 



continuous curve of prowtb, ThLs shovsed at a glance ihat dur- 
ing the uight tho rate of growth gradually increases, reaches a 
inaximuin at about daybreak, dimiDishes to a minimum a little 
liefore suiiset, and tben begins to rise again.* This variation 
in tlie rate of growth is opposed to the diurnal fluctuation of 
temperature, since this is low at night and high during ihe day. 
It is favored, on the other hand. by the circumstance that heat 



■ A ■imilu' [>eriodictty has be«n det«ctod aniODg loodsloola and puffballs by 
KmiCs CS3- P- B7J. 
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and light favor transpiratiou ; and this means loss o£ water 
and, consequently, of growth. Just how far these opposing 
effects neutralize each other cannot be said, but our compara- 
tive study gives assurance that the effect may well be pro- 
duced by light acting alone. While the diurnal periodicity in 
growth can clearly be ascribed to no other cause than the alter- 
nation of day and night, it is an important fact that this perio- 
dicity may be exhibited f or several days af ter the plant has been 
placed in a room kept constantly dark. There is apparently a 
persistence of an efifect impressed by environment. 

Among animals the evidence of a retarding effect ui)on 
growth is not so clear. Maupas ('87, p. 1008), indeed, con- 
cludes from actual experiment that various ciliate Infusoria 
multiply with equal rapidity in the presence or the absence of 
light. In the higher vertebrates, on the other hand, light, 
acting through the retina, increases destructive metabolism, as 
MoLESCHOTT ('55) first pointed out, so that many vertebrates 
undergo a greater loss of weight in the light than in the dark. 
Indeed, a diurnal periodicity in the weight of animals was 
described as long ago as 1852, by Bidder and Schmidt, who 
found that starving cats lost weight much faster in the day 
than at night. These facts constitute a not unimportant par- 
allel witli the conditions in plant growth. 

In summarizing the foregoing facts on the retardation of 
growth by light, we see that strong sunlight usually com- 
pletely inhibits growth, so that the growing parts of organ- 
isms, or entire organisms during the period of grovvth, are usu- 
ally concealed. Even diffuse light retards growth, especially 
in the following organisms : most seedlings, many of the 
higher aerial fungi, germinating seeds in general, and spores 
of fungi. AIso, light hastens destructive metabolism in the 
higher vertebrates so as to diminish weight rapidly. The 
organisms thus brought together are without exception aerial. 
This fact suggests that in plants, at least, the restraint of 
growth by light may be due to the rapid loss of water which 
accompanies illumination. The illumination of seedlings and 
fungi f or only a brief period — an hour or so — retards their 
grovvth. These organisms likevvise exhibit a diurnal perio- 
dicity in growth corresponding to the alternation of day and 
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night. Not ali seedlings and fungi are equally aSected bj 
ligbt ; the effect depends upon their normul conditions of iUu- 
rotnation — tlie conditions to ^liich they have become attuned. 
2. Acceleratlog Effect of Llght. — Although certain species 
of phanerogams are little aEFeeted in their growth by ligbt, 
actual acceleration probably rarely occura in thia group. The 
parasitic mistletoe (Viscum album) seems to form an Impor- 
tant exception. however, since, according to Wift8KER ('79, p, 
183 ; '98, p, 506), it neither grows nor germinates in tbe dark. 
This fact is correlated with a peculiarity in its pbototropio 
response, as \ve shall see later (p. 438). Among aquatic alga 
several casea oi acceleration of gro^vtb by ligbt bave been 
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recorde<l. Tbe flat, circulnr, green thallus of Coleochiete scu- 
tata, \v'lien oblicjiieH' illuminated, gro\v8, according to Kky 
('84), faater on the aide next to tbe liglit. Again, SpirogyrB 
wbich bas been kept in tbe dark until uU of its starch bas been 
Gousumed groirs wben placed in tlie light, but does not grow 
in darkness (Famintzis. '67). Lately AVhipple ("9)3) bas 
given quantitative data on tbe relation between intensity of 
ligbt and of growtb in diatoms. A kno\vn quantity of dia- 
toms of one or two species vas placed in a bottle of watei^ 
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covered with bolting cloth, and suspended in the water of a 
reservoir, at the surface and at various depths below the sur- 
face down to 20 feet. Experiment8 were made at a tirne 
when the temperature of the reservoir water wa8 almost the 
same at aH depths. After several dajs the bottles were col- 
lected and the number of diatoms in each determined. The 
results of one series of experiments, 8hown graphically in Fig. 
121, demonstrated that the growth of diatoms is directly pro- 
portional to the intensity of light received by them.* We 
may conclude that in general, excepting perhaps the mistle- 
toe, those plants whose growth is accelerated by light normally 
have their growing parts fully exposed to sunlight. Their pro- 
toplasm is attuned to a high intensity of light — is not retarded 
by it ; indeed, demands it for the normal exercise of its func- 
tions. 

Passing now to the subject of germination, we find that the 
first development of the spores of the higher cryptogams usu- 
ally requires or is favored by light (Hoffmann, '60, p. 321, 
and others). The spores of many ferns, of the moss Poly- 
trichum commune (Bouodin, '68), of the hepatics Duvalia and 
Preissia (Leitgeb, '77), and of Vaucheria do not germinate at 
aH in the dark. However, this result is not universal among 
the higher green cryptogams, for Milde ('52, p. 627) observed 
that spores of Equisetum germinated in the dark as well as in 
the light ; and it is clear that certain fern spores (Ophioglos- 
sum) can do so, for they germinate when covered by soil to a 
depth of 3 to 5 cm. It is somewhat unexpected to find 
the spores of such dark-lovers as ferns and hepatics nor- 
mally dependent for their germination upon light. One calls 
to mind, however, the fact that it is the habit of such spores to 
germinate on the surface, where their prothalli are found — 
hence at such times always subjected at least to a dififuse light. 

Certain seeds, also, are said to germinate more readily in the 
light than in the dark. We have already cited the čase of the 
mistletoe ; the same seems to be true of the meadow grass, 
Poa, as is shown by the following experiments of Stebler 
('81). Two species were experimented with, and two experi- 

* However, Whipplb found that growth at the surface, where full sunlight 
feU upon the bottle, was less than at a few inches below the surface. 
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ments were made upon each species. In each experiment two 
lots of seeds were placed together in a thermostat ; the one 
being subjected to dajlight, the other being kept in darkness. 
The percentage of germination in the eight lots was as fol- 
lows : — 



ExperimeDt No. 1 
£xperiment No. 2 



POA KC1I0EALI8. 



Lionr. 



62 
53 



Dark. 



3 
1 



POA PEATB^VStS. 



LlOUT. 



59 
01 



Dabk. 



7 
O 



The result seems decisive and has been fully confirmed by 
LiEBENBERG ('84) and JoNSSON ('93), not only for Poa but 
certiiin other small seeds. 

According to Liebenberg the favorable aetion of dajlight 
is due rather to the alternation of high and low temperature on 
the seed. Thus, while about 3% of Poa seeds germinate in 
a dark chamber kept constantly either at 20° or 28® C, 91% 
are germinated after 34 days in a dark chamber kept for 19 
hours at 20** C. and for 5 hours at 28** C. In this čase we have 
to do elearly with a response to a particular stimulus of the 
heat rays reminding us of the stimulus of alternating heat and 
cold necessary for the germination of certain animal statoblasts 
or gemmules (Braem, '95). 

Among growing animals, studies on the effect of light were 
early made by Edward8 ('21), who coneluded that tadpoles 
would not develop at aH in the dark. In this he went as far 
from the truth in one direction as Higgenbottom ('50 and 
'63) and Macdonnell ('59), who denied any difference of 
grovvth in the light and in the dark, did in the other. Tlie 
work of YuNG ('78) first revealed the exact truth of tlie 
matter. This naturalist placed freshly laid frogs' eggs in 
vessels, each containing 4 lit^rs of water and CO eggs. One 
lot was placed in front of a window, where, however, it 
never received the direct rays of the sun. The other lot was 
kept constantly in the dark. Otherwise the conditions of the 
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two lots were very similar. After 30 days, and again after 
60, 3 typical tadpoles of each lot were measured. Their 
averages, together with those from a second series, are given 
below : — 

TABLE XLI 
Showino for Two Lots of Tadpoles the Relatitb Sizes attained in thb 

LlOHT AND IN THE DaBK 





Reased in tue 


Relative 8ize of 
"Lioht" Tadpoles 




LlOHT. 


Dark. 


coMPAKBD wrni 
"Dark." 


LotlrSOdajsI^'^^^ • • ' • 

iBreadth .... 

Loti: 60day8|^«"«'\ .... 

iBreadth .... 

Lot 2: 25day8|^^°^\ .... 

iBreadth .... 


23.10 mm. 
6.60 

32.16 
7.66 

19.83 
4.33 


19.66 mm. 
4.66 

30.30 
7.16 

16.83 
3.60 


117% 
118 

106 
107 

126 
124 



This table clearly show8 that tadpoles grow faster in the light 
than in the dark, and that the difference in the rate of grovvth 
is more marked during the first than during the second month 
of development.* 

Other animals have been experimented upon by Yung. He 
placed recently fecundated eggs of the sea trout, Salmo trutta, 
in 4-liter vessels, each of which contained 200 eggs. Those 
lots which were reared in the light hatched a day earlier than 
those reared in the dark. Also, the poiid snails, Lymn8ea stag- 
nalis, reared in the light hatched in 27 days, whereas those 
reared in the dark required 33 days. Perhaps less weight is to 
be given to the observation of Hammond ('73), who found 
that 20-day-old cats, reared under similar conditions except as 
concerns daylight, grew faster in the light than in the dark. 



* With these eiperiments agree certain experiments of Lessona ('77) and 
Camerano C93) upon the size of tadpoles taken from ponds so thickly covered 
with vegetation as to shut out the light, as compared with tadpoles fi*om fully 
exposed ponds. Camerano finds that, at the same stage of development, the 
sizes are as 9 to 14, or the tadpoles reared in the light are 166% of the size of 
those reared in the darker ponds. Such observations in which the other con- 
ditions are not controlled are not, however, altogether satisfactory. 
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There is thus a considerable bodj of evidence that a not too 
intense light accelerates the growth of animals in general. 

To sum up, we find that dififuse light accelerates growth in 
the {ollowing organisms : Mistletoe seedlings, Coleochseta, etio- 
lated Spirogynu diatoms, gerniinating spores of many ferns, 
mosses, hepatics, and Vaucheria» gerniinating seeds of Viscum 
and small-seeded grasses, tadpoles, embrvo snails, trout, and, 
perhaps, young kittens; in brief, of a parasitic seedling, of 
algie, of gerniinating spores in many higher cryptogani8, of a 
fevv germinating seeds, and of some animals. The collection 
seems like a heterogeneous one; yet omitting germination 
phenomena, the. čase of the parasitic mistletoe, and the doubtful 
cat, aH the organisms concerned are aquatic. The reason why 
the growth of aquatic organisms is not restrained by light may 
be that with them light does not produce increased trans- 
piration. 

3. The Effective Rajs. — As we ha ve seen in the First Part 
the various rays of which white light is composed afifect proto- 
plasm diversely. The question now arises, \Vhat part do the 
separate kinds of rays plav in the retarding and accelerating 
eflfect of light on growth — what are the rays upon which these 
efifects esixjcially depend ? 

A t the ouUet it m ust be stated that a large part of the recorded ol)senra- 
tioiis upon this subject b worthles8 because the methods were not quantita« 
tive. I^t us suppose we have a \vhite light of known inteiisity which in- 
hibits growth, and that we desire to know which of the component ray8 are 
most effective in imbibition. The difFerent component rays should have the 
same inten8ity as thev have in the given \i'hite light. For a more effective 
rav of weak intensity will produce a smaller result than a less effective ray 
of great intensity; because not onlv quality but intensity of the light deter- 
mines its effect. Xow, insufficient čare has l>een taken to measure, by the 
methods given in Chapter VII, the intensity of the colored light emploveil; 
consequently it is little wonder that most coiitradictorystatements are given 
as to the effect of red, green, and violet light ui>on related organisms, and 
that great caution is demanded in drawing conclusions from the data at 
hand. 

a. The Effective Ray» in the Retardation of Grotcth hy Light. 
— \Ve have alreadv seen (p. IGG) that experiments ujKJn the 
efifect of the difTerent ravs upon metabolism occupied the atten- 
tion of naturalists in the first half of the century. It was but 
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a step to the study o£ the eiBfect of these rajs upon growth, and 
this step was taken by Sachs in 1864. 

The method of subjecting the plant to particular rays was as follows : 
Tlie apparatus consisted of a glass jar, placed inside of a larger glass jar, the 
interspace being fiUed with a colored fluid. This apparatus stood behind a 
southeast window. Orafige light was obtained by 12 to 13 mm. of a satu- 
rated solution of potassium dichromate, which transmitted red, orange, and 
yeIIow, but no blue or violet; and blue light, by the same thickness of 
ammoniated copper sulphate, which excluded ali rays of shorter vibration 
than the green, but, likewise, reduced the inten8ity of the violet end of the 
spectrum. The relative chemical intensity of the light passing through the 
Solutions was determined by noting the time required to blackeu photo- 
graphic paper held in the inuer jar. 

Under the conditions of the experiment young seedlings of 
the white mustard, Brassica alba, and of flax, Linum usitatis- 
simum, grew more rapidly and vigorously in the orange rays, 
which act thus like darkness, than in the blue, which act thus 
like daylight. In orange light the leaves, although dififeren- 
tiated, remain small, while the internodes are elongated ; in 
both of which respects the plants show themselves etiolated. 
In the blue rays the cotyledon8, unlike the leaves, remain small; 
since, in the absence of assimilation, which require8 red ray8, 
they are drawn upon for food. Throughout, the less intense 
blue rays acted more like white light than the more intense 
orange rays. 

Several confirmatory experiments upon other plants may 
now be briefly considered. Bert ('78, p. 986) cultivated a 
Sensitive Plant in a lantern made of red glass. It lived for 
months, elongated considerably, and had small leaves ; one 
might have called it etiolated but for its remaining green, 
owing to the formation of chlorophyll in the red rays (p. 170, 
note). Behind blue glass it had the general form charact^r- 
istic of white light, but it did not grovv as large as in day- 
light — \vhich includes also the warmer rays. The whole 
habit of the plants in the red rays indicated greater turges- 
cence than in the blue : a result which Bert suggests may be 
due to the manufacture in the presence of the red-yellow ray8 
of a material (glucose) causing an endosmotic flo\v. This 
expl«anation, hovvever, seems negatived by the fact that plants 
grown in darkness exhibit this same condition. Weisner 
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('93) finds that tlie stems of seedlings of Vicia faba grow 
beliind Sachs' blue solution, wliicli reduces the intensitj from 
one-third to oue-]ialf that of davlight, nearly as 8lowly as in 
daylight, and much more slowly than in darkness, in the ratio 
of : daylight, 141 ; blue, 155 ; darkness, 185, Again, Flam- 
MAKION ('95) cultivated tlie Sensitive Plant in little conserva- 
tories behind clear and eolored glass.* From a lot of seedlings 
reared under normal conditions those were selected which were 
most alike (aH 27 mm, high), and plaeed, July 4th, in the 
various conservatories. On October 22d the plants had the 
following average heights : in the red, 420 mm. ; green, 152 
mm.; white, 100 mm.; blue, 27 mm. (Fig. 122). Thus, under 




WhU€ 



Blue 



Red Oreen 

Fio. 122. — Aotion of dlffereiit soUr rays npon the f:rowth of the SensItiTe Plmnt. On 
Aufrust lat, placeti as nefnlllnK« earh 27 mm. hl^h beblnd diverae]y eolored ^li 
screens. Pbotofn^pbed da. 22. (From Flamsiarion, *a'.) 



• The data concerninp met hoda are as follow« : The blue plaw uatni trana- 
mitted only the more hi^hly refra<'tinff ravs ; the retl waa almoat striotly mono- 
chromatic ; the preen wa« lea« Bati8factory, but let throu^h no red. The inten- 
Hitv of illumination decreaHeii conaiderablv in the onier : white, red, preen, 
blue. Tlie ccmnervatoriea were placed side by alde, under aimilar conditiona, 
and a current of air waa paased through, from one to the other, to maintain a 
uniform temperature. 
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red light, as in darkness, the greatest growth occurred ; under 
the blue light no growth had occurred, i.e. less than under 
the clear glass. The order of height was thus : blue, white, 
green, red ; that of the vigor of vegetation wa8 : blue, green, 
white, red. The peculiarlj injurious eflfect of the violet and 
ultra-violet rays is shown also in the deleterious action of 
electric light, which is rich in these rays (Siemens, '80, '80% 
'82). AH the foregoing observations are thus in accord, and 
indicate that the retarding action of white light upon seedlings 
is the resultant of the accelerating and the inhibiting actions 
of the different rays. 

Among fungi we have observations by Vines ('78) which 
show that Phycomyces nitens, subjected intermittently to the 
action of darkness on the one hand, and of white light, blue 
light, or yellow light, on the other, suffered a similar retarda- 
tion in white and blue light, while in yellow light no marked 
retardation occurred.* Bacillus ramosus (Fig. 123) grows 
behind a red screen as in darkness ; behind a blue screen (of 
CuSO^) its growth is retarded as in daylight (Ward, '95, 
p. 381). 

Among algsB Famintzin ('67) has found that Spirogyra 
which has been kept in the dark until ali of the starch is con- 
sumed grows more rapidly in the successive members of this 
series: darkness (no growth), blue light, fuU lamplight, yello\v 
light. Here we see that, while a certain amount of light is 
necessary to the metabolism of the etiolated alga, growth, as a 
whole, is favored by the absence of blue rays. 

Animals which are 8ymbiotic with algae flourish or decline 
with the latter. Accordingly, YuNG ('92) has found that 
Hydra viridis,t which has this kind of symbiosis, grows more 
rapidly in the successive members of the series : darkness 
(fatal), violet, green, white, and red. This series is essen- 
tially that just given for algae living alone. 



* Kraus (*70) says that Claviceps growing in dayligbt attains a length of 
only 4 to 6 mm. ; in green rays, 17 mm. ; in yellow and blue, eacb, 30 mm. ; 
and, in the dark, 30 mm. Not mucb weight can be given to tbifi statement, 
since an account of methods is lacking. 

t A similar result wa8 obtained witb the green turbellarian Convoluta 
Schultz^, 
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The foregoLng concordant observations raay be summed up 
in the statementa tlmt the action of white ligbt upon seedlings 
is the resultant of the actiou o£ the componeot rayB ; that, of 
these, the red tends to favor growth by rendering possible 
starcli fortuation ; the blue, on the other hand, tends to 
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Fn. 1£1. — Curm of jtrninh at threada ot Barillm nmnana In bloe Itght (Esp«ri- 
incni No. TB, ot WARn) uhI tn red lifcht (Experinient No. 74). Tbe Dumberamt 
the left Indlrki« micrniu: at the bottum, htiura. Tb« rsiatdatlon due to bliu 
HKht U evldent. (From \Vard, 'M.) 

restrain growth, probabIy by introducing certain destructive 
(or controlling) chemical changes ; that. in the dark, Beedlings 
I»eiiig freed from the restraining action of the chemical ray8, 
grow rai)idly bo long as the stored food prmliicts pemiit ; that, 
in daylight, althnugh the means of niitritioii iti provided, the 
preaence of the inliibiting blue rays tenda to cause slov 
growth. U|K)n otlier organisms n'hose growth ia retarded by 
light, the effect of wliite and blue light must be quite tlie same ; 
and the exi)eFiinents of ViNES and of \Vakd upon fungi 8how 
that this is the čase. The effective ray8 in retardation of 
£rowth are clearly those at the blue end of the «Q«iit,ru^. 
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J. The Effective Ray9 in the Acceleration of Chrovjth hy 
Liffht, — We have seeu that the effective rays in retardation 
are the blue ; the question now arises : Will the same ray8 
serve, in other cases, for acceleration, or must the latter be 
due to the red ray8? 

As concerns the germination of f erns we have the observa- 
tions of BoRODiN ('68, p. 435), in the čase of Aspidium, that 
germination did not take plače in the blue any more than it 
did in darkness, while the red rays produced nearly the whole 
effect of white light. Germination in this čase seems to 
demand the red rays for its processes — processes consisting 
largely of certain chemical changes favoring imbibition of 
water. Probably those seeds which germinate more rapidly in 
the light than in the dark make similar use of the red rays, as 
JoNSSON ('93) has, indeed, found they do in the čase of Poa. 

Passing now to animals, we find the first critical work on 
these organisms is that of Beclard ('58). This experimenter 
placed at one and the same tirne, under diversely colored glass 
bells, eggs of the flesh-fly, Musca carnivora, taken from a 
single laying. AH the eggs produced larvae ; of these, the 
largest were formed under the violet or blue glass, the small- 
est under the green. The effect of the other colors was inter- 
mediate and fell in the following order : violet, blue, red, 
yellow, white, green. The larvae reared under the violet rays 
were three-fourths greater than those reared under the green.* 
The apparent acceleration in violet, as compared with white 
light, indicates that the green rays of white light retard. This 
was the result actually obtained by Schnetzler ('74, p. 251), 
who found that tadpoles developed more slowly behind green 
glass (from which red and violet rays chiefly were cut out) 
than behind clear glass. 

YuNG ('78) made more critical experiments upon tadpoles. 
Screens of nearly monochromatic solutions were used (p. 157). 
The size of the vessels and the number of tadpoles in each 

* Exactly opposite results for blow-flies are given by Davidson ('86), who8e 
work, however, strikes one as crude. Fly larva) reared in a bottle made of blue 
glass had at the end of nine days only half tbe weight, on the average, of larv» 
reared either behind clear glass or in the dark. This subject needs careful 
investigation. 
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were the same. At the end of one month* three tadpoles 
were taken at random from each vessel and measured. In the 
following tables are given the average length and breadth of 
these tadpoles (from serios of 1876 and 1877), and also the 
lengths compared with that in white light : — 





TABLE XLII 




Ateraoe Dimensions of Tadpoles reared behind Clbar and Colorsd 


SCREENS DURINO OnE MoNTH 


COLOK Or LlOHT. 


AVBEAOB LkXOTH. 


AVKEAOB B&BADTU. 


Lkxotb compa&bd with 

WHITS LlUHT. 


White 


24.43 mm. 


6.37 mm. 


100 


Violet 


28.68 


6.76 


117 


Bhie 


25.66 


6.70 


105 


Yellow 


24.37 


6.46 


00 


Red 


20.37 


4.66 


83 


Green 


16.00 


3.01 


70 





Similarly, averaging the dimensions of the tadpoles at the 
expiration of t\vo months, we obtain : — 



TABLE XLIIa 

AvBRAOB Dimensions of Tadpoles rbared behind Clbar and Colorbd 

Screens during Two Months 



(\>LOK OP LitillT. 


AVEKAOK LkNUTII. 


AVKEAOK BbKAI>TII. 


LslfOTH COMPABBD WITH 
WUITB LlOBT. 


White 


31.68 mm. 


7.60 mm. 


100 


Violet 


42.32 


10.41 


134 


Blue 


a3.02 


8.00 


107 


Yellow 


32.24 


7.60 


102 


Red 


27.17 


6.60 


86 


Green 


AU 


died before 


two months 



Tadpoles reared in the dark were uniformlv slightly larger 
than those reared in red light, while violet and blue light 8how 
themselves especialljr favorable to the growth of the frog. 



* During the first dAy8 of development in the cases of the frog, the snail Plar 
norbis, and the sea-urchin Echinus, there u, according to Dribsch (*01), no 
difiference in the rate of gTowth behind various colored glaases. The diverM 
eflects of different imy8 appear only in later ftmges. 
2p 



434 



EFFECT OF LIGHT 



[Ch. XVII 



Upon Echinoderm larvsB Vernon ('95) has made some 
important experiinents. He used Yung's methods of getting 
•colors ; but relative intensitjr is not indicated. The following 
table gives his results : — 

TABLE XLin 
Pbrcentaob Dbtiations in Lenoth of LARTiE OF Stronotlocbntrotus 

LITIDUS REARED BEHIND VaRIOUS CoLORED SgREBNS, FROM LbNOTU OF 
LaRV^ RBARED in WuITB LlOHT 



COLOK. 



Semi-darkness 

Complete darkness . . 
Blue (copper sulphate) 

Green 

Red 

Blue (Lyon'8 blue) . . 
Yellow 



NuMBBK OP Srn or 

ExPKBnfBNT8. 


Mkan Chanob. 


3 




+ 2.6% 


4 




- 1.3 


2 




-4.6 


4 




- 4.8 


2 




- 6.9 


2 




- 7.4 


2 




- 8.9 



AH larvsB reared in violet light soon died on account of the 
•development of bacteria. In this čase tlie order of growth 
followed the series : white, blue (of copper sulphate solution), 
green, red, blue (of Lyon's blue), yellow. This series diflfers so 
much f rom Beclard's that the experiment demands eonfirmation. 

Certain experiments of Yung on the relative time of hatch- 
ing may be given here, since the time of hatching depends 
upon rate of growth : — 

TABLE XLIV 

Relative Time of Hatchino of Oroanisms reared behind Colored 

Scrbens 



LOLtOO VULGARI8. 


Sai.mo tbutta. 


Ltmitjca staonalih. 


AVKRAOB. 


Violet, 60 day8 


Violet, 32 day8 


Violet, 17day8 


Violet 


Blue, 63 *' 


Yellow, 34 " 


Blue, 19 " 


Blue 


Yellow, 1 53 »i 
Red, J 


Blue, |35 ,, 
White, J 


Yellow, 26 ** 


Yellow 


White, 27 " 


White 


Green, — * 


Green, 36 »» 


Red, 36 " 


Red 


White, ali died 




Green, ali died 


Green 



* Had not hatched by 62 day8. 
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These series run then in order of eflfect on growth exactly jMir- 
allel to the series obtained from the growing tadpole, and are 
very similar to the series obtained by Beclard for the blow- 

There are certain a priori grounds for believing that 
Beclard's series is the more eorreet, not only for gro\ving 
flies, but for ali animals. We would then get for a eurve of 
relative effeet of the different parts of the speetrum ujujn 
growth something like Fig. 126, /.* The eonclusion to whieh 
aH these experiments point is this : the accelerating effeet of 
weak white light upon the growth of animals, contrary to the 
čase in plants, is due to the 8hort-waved rays. 

The alleged peculiar effeets of the green ray8 cannot go 
unnoticed. These seem to have been fii*st insisted upon by 
Bert ('72, '78), who found that in the green lantern the 
young sensitive plant lost sensibility and died in three or four 
days, whieh is about the time in which they would have died 
in eoraplete darkness. This observation has been confirmed 
by several experimenters ; for example, by KuAUs (76, p. 8), 
Adrianowsky ('83), Villon ('94, p. 461), and Gautier 
('95) for plants, and by Schnetzler and by Yuxo for tad- 
poles. Yet, on the other hand, Flammarion ('95) found no 
I>eculiar aetion of green light upon the sensitive plant. In 
the absenee of precision in the opposing statements, we may 
doubt whether green rays, as sueh, pn>duee any positive harm. 
It is probable that they are neutral in growth. 

Summing up the results of our study on the eflfect i ve rays in 
the modification of growth by light, we find that retardation, 
as it oceurs in most aerial plants, is due to the chemically 
active rays ; that aceeleration, as it oceurs in animals, is like- 
wise due to the same rays. Both eflTects must l>e due to chem- 
ical, metabolic changes, induced by light : in the tirst chiss. 



• The favorable effeet of violet or blue ray8 waii noticed aUo by Villos ('04, 
p. 403) uiK)n 8ilkwonn8. Here maj be mentioned Uie **blue glam** rage of 
twenty yearR ago, which wa8 largely due to the writingM of General A. J. 
Pleakonton (*70), which, while containing a baaia of truth ezperimeiitaUy 
obtained by the author, were of a highly uncritical and even aensaiional char« 
ju; ter. 
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these are of an injurious character ; in the second, they favor 
the metabolic growth processes. Long-waved light, on the 
other hand, has usuallj no more effect than darkness, or the 
absence of light. However, upon germinating fpms and 
grasses long-waved light has a decided aceelerating eifect. 
• Since even in daylight growth occurs faster than in the dark 
we must conclude that upon these organisms the blue rajs do 
not seem to exert an injurious eflfect ; they are, as it were, 
blind to the blue rajs, and hence experience no freedom from 
restraint in the dark, and, unlike seedlings, no excessive growth 
there. 

4. The Cause of the Effect of Light on the Rate of Growth. 
— The aetion of red rays upon growing phanerogams requires 
no special explanation here. It is clear, from what we already 
know, that an etiolated seedling, or alga, ean develop only in 
the presence of the red rays, which are ordinarily essential to 
its nutrition. Consequently, we find that red rays do not 
hinder the growth of ordinary seedlings, but cause etiolated 
green plants as well as seedlings of ferns and grasses to grow 
faster than they would in the dark. 

The aetion of the blue ray does, on the other hand, demand 
more detailed consideration, for it seems at first as if its 
diverse eflfects upon plants and animals constitute a great diffi- 
culty. Why should the same rays retard the growth of aerial 
organisms and accelerate that of water animals ? In inventing 
an hypothesis to fit the čase, we have first to recognize that the 
aetion of the blue ray is a ehemical one, and is probably of the 
same kind upon ali organisms. It must, con8equently, be that 
the degree of the eflfect is diflferent. This difference may be 
due either to a difference in the quality of the diflferent proto- 
plasms or to a dissimilarity of the external conditions under 
which the eflfect is produced. We may say tliat, either on 
account of the presence of abundant free oxygen in the air, or, 
perhaps, on account of a greater lability of plant protoplasm, 
the blue rays eflfect such extensive transformations (oxidations, 
QuiNCKE, '94) in aerial plants as to interfere with growth, 
possibly, by promoting loss of water. Upon water organisms, 
on the other hand, only slight metabolic changes occur, which, 
on the whole, favor the imbibitory or assimilative processes. 
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§ 2. Effect of Light fpon the Direction of Growth 

— Phototropism * 

Under this topic will be considered, first, the eflfect upon 
plants ; secondly, upon animals ; and, after that, certain gen- 
eral niatters concerniug phototropism. 

1. Plants. — The fact that seedlings reared in a room near a 
windo\v aH have their tops directed tovvards the source of light 
instead of yertically can 
scarcely have escaped any 
one'8 notice. References to 
the phenomenon are found 
in the literature of the an- 
cients ; its scientific 8tudy 
was begun in the early part 
of the last century by H ales 
(1727). Not only the stems 
of seedlings but many other 
plant-organs shoW this 
growth with reference to 
the direetion of the infalling 
rays of light. Among these 
are tips of many stems, many 
leaves, cotyledons, roots (es- 
I>ecially aerial ones), tendrils, 
the fruit-bearing hyplue of 
erj-ptogams, and certain or- 
gans of the bryophyte8 and 
pteridophytes. 

The sense of the tuming 

J. ] v 1 i. • i. Fio. 124. — Seedlingof Sinapisalbaezhibiting 

in ordinary daylight is not p^,^,^^ phototiipiHm of tho 8tem, «6. .nS 
always the same. While the 
stems of most seedlings of 
phanerogams turn towards 
the light (positive photo- 




negative phototn>pi8m of the nmt, tle. nn, 
sarfaoe of the water in which Uic plant is 
germiiiating. The arrow imiioau^s the di- 
reetion of the infalling light rayM. (From 
Fkank, '92.) 



• On some accounts it is unfortunate to acoept this wonl rather than the 
older, more familiar term •' heliotropism ''; but as the latter is obviously unfitted 
to our broader view of the subject, and encouragt'8 the introduction of new 
si)ecial temis, such as selenetropism or tuniing towards the moon(Mi'88ET, '90), 
I Uiiuk it is desirable to adopt the newer term. 
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tropism), the following turn from it (negative phototropism) : 
tlie hypocotyl of the seedling mistletoe; the roots of many 
plants, e.g. Sinapis (Fig. 124), Helianthus, Vieia faba, Zea 
mais, etc. ; stems of some recumbent dicotjledons, e.g. the 
inoney wort ; the root hairs of the prothalli of ferns and hepat- 
ics; the tendrils of the vines Vitis and Ampelopsis. As we 
shall see later, however, the sense of turning is, within limits^ 
dependent upon the intensity of the light. 

Finally, we observe that plants differ greatly in the degree 
of their phototropism. Thus aquatic plants and non-chloro- 
phyllaeeous phanerogams are only very slightly phototropic 
(compare Hochreutiner, '96). 

The general phenomena of positive phototropism are seen 
when a seedling which has been growing in the dark is illu- 
minated upon one side by a horizontal ray. The tip of the 
seedling, which is normally con8tantly "nutating" about the 
vertical line passing through its axis, now begins to move 
towards the light side of the vertical. The quickness with 
which it does so seems to vary with the species and with the 
intensity of illumination of the plant and other conditions of 
the environment; the turning may be evident in 15 minutes* 
or it may be delayed for several hours. There is apparently a 
certain, not precisely determined, latent period elapsing be- 
tween illumination and response. The curvature first appears 
just behind the tip of the seedling, but later almost the whole 

stem above the ground becomes in- 
volved, so that after several hours 
it points straight towards the 
source of light (Fig. 125). 

The intenBity of light necessary 
to provoke the maximum response 
varies with the species. Wiesner 
('93) especially has made accurate 
determinations on this subject. 

The unit of measurement is a normal 
candle (p. 160) burniug at a distance 




Fig. 125. — Course of phototropic 
curving of the cotyledon of 
Avena sativa. a, before illu- 
mination ; 6, after U hours; c, 
after 3& hours ; d, after 7& hours. 
(From RoTHERT, '94.) 



*Darwin ('81, Chapter IX) found with the aid of a microscope that the tip 
may begin to tam in from 3 to 10 minutes. 
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of one meter from the organ isra (meter-candle). A flame of one candle 
power at a distance of five meters has, therefore, an effective intensitj 
of 1 -i- 5'^ = 0.04 ** meter-candles." An ordinarj flame of gas, kept at 
coustant pressure by means of a manometer, was emplojed in the earlier 
ezperiments ; a " microbumer *' in the later ones. 

The following table gives the optimum intensitj in the čase 
of various seedlings^ iu units of the meter-candle, at a tempera- 
ture of 20^ to 27^ C. and at a humiditjr of 75 to 77% : — 

TABLE XLV 
The OniMUM Intex9itt foh Phototropism in Various Spbcies op Plavts. 

Lepidium sativum, hypocotyl .... 0.25-0.11 

Pisum sativum, epicotyl 0.11 

Phaseolus multiflorus, epicotyl .... 0.11 

Vicia faba, epicotyl 0.16 

Helianthus annuus, hypocotyl .... 0.16 

Vicia sativa, epicotyl 0.44 

Salix alba, etiolated sprout 6.25 

This tjible 8how8 also the effect of preceding conditions of illu- 
mination ; the etiolated plant has a verv high optimum. 

At an intensitj' of light above the optimum the phototropic 
response ia less pronounced until, finallv, at l)etween 100 and 
800 meter-candles it disappears. At an intensity below the 
optimum a similar diminution in response occurs ; but the 
minimum lies often remarkablj low. Thus FiODOii ('93) has 
found the minimum to lie for the different species at or just 
below the follo\ving intensities (in meter-candles). The tem- 
perature was 15° to 24° C, and the humidity between 58 and 
80%. 

TABLE XLVI 

Thk Minimum Intensitt for Phototropic Response in Variocs Species op 

Plants 

Lepidium sativum, Amaranthus melancholicus niber, •Papa- 

ver paeoniflorum, and fLunularia biennis . limit below 0.00033 

♦Vicia sativa 0.0026 

Sali)ij^lossus sinuata, Reseda odorata, Il>eris forestieri 0.004 to 0.16 
^rirabilis jalappa, * Helianthus annuus, * Dianthus chinensis 0.016 
♦Xeranthemum annuum, *Kaphanus sativus, ♦Helichry8um 
monstrosum, *Capsicum annuum, Cynoglo8Sum oflici- 
nale 0.016 to O.Oft 
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This list Bbow8 that difEerent plants have diverse photo- 
tropic sensitiveneas. Since in thia list species preceded by an 
asterisk (*) live in the sunlight, that preceded by a dagger (f) 
13 a shade-loving plant, while the otliers live in aii intermediate 
habitat, we may conclude that, in general, sun-loving plants 
are less sensitive to light than those not markedly sun loving. 
The former exhibit a sort of acclimatization to light." 

The effective ray» tave been determined by AViesner (79, 
p. 191) for Beedlings of several species as a result of eiperi- 
ments In which colored solutions were employed. His results 
are Bummarized in Fig. 126, which sho\rs that the phototropie 
eEFect is greatest at the violet end of the spectrum, and that as 
we pass toward8 the D line, lying betvreen the yellow and tlie 
orange, the effect diminishes, becoming null at D. In the red, 
again, there is a considerable eEfect. Beyond the visible red, 




ria. ISG. — A-H, paaitlone of FKAUBMBOPBB'a Hnea in tbe spectimn. 

, enrvu o( phototropie effect of tbe varioiu tt,ya : the oiilin«te» havo oiily 

relatlve vbIuob. /, I, cnrve for tbe BoedllDgot tbe retch, Vlcla; II, II, (or cresa 
seedliiigB ; III, tor ellolated vlUoir aboote, apon wbicb lattei tbe more slrongl; 
refractlve ra;s oti1y act phatoCroplcalIy. 

, curve ol reCardatioa ot grovtb In leogUi of Heliantbua BeedllDgi reared 

In tbe various rayB. The ordinates glvc the locreraent In length of the BeedlInK 
aubjected to the ray under coDslderatloD ; Uios tlie reUrdutlon ii least at z, and 
ta greatest at y. (From ^ibsnbr, '81.) 



■ Certain plants are bo aenskive to differences of illumlnation on their two 
sides aa to make ver; delical« photometcTa. Thua WiEgHiiR determined as 
nearly as possible by Buk8kn's pbotonieter the point of equal illiunlnaiion 
betneeD Ino flames, but a aeedling atlll detected a diSerence between tbeir 
intenaitiea. Massart ('88) bas made lUD of tbia method to demonatrata for 
phototroplEm the validitj of WEnBR's Uw. He tound that in Phycomyce8 a 
difference of intenaily ot 18 % between two aources o£ Ughl could be detecUd j 
and tbia beld trne for ali inteiisities of light. 
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in tbe region of the dark beat nvs« we find nn effect stili pi\v 
dueed. Tkis effect of dio^k keat nvs will be referred to «g»in 
in the next ehapter. 

l%e /?<«/h^iiJm</ R^ipom. — We bare alnMidv aeen tbat tbe 
cnrvature l^egins a short way below tbe tip of the stem of tbe 
seedling. Further studv shows tbat tbis region of fii^t curva* 
ture is also tbat of maximum growth. Tbe resixtnse does not« 
bowever, end bere« but pajsses basalwards even after tbe ^^eed- 
ling is transferred to tbe dark. Also in roots« the i^gion of 
maximum negative curvature is tbat of most rapid growtb 
(MULLER, Tt>>. 

The Pertrptire R^i^iam. — In most eases tbe region of re- 
sponse is also tbat of pereeption. But Darwi>c ('S1> found 
tbat in some organs tbis is not tbe čase. When« for etami^e« 
the phototropic cotvledons of tbe seedlings of grasses and 
grains were deprived of tbeir tijis for a distanoe of 2,5 to 4 
mm.« thev exhibited no pbototn>pism ; but when onlv 1.3 
mm. of the tip was cut off« the curving i.xxnirred« althougb 
in diminished degree. Again« when tbe tips of some of tbe 
cotvledons were covered witb opaque cajis made of glajBS 
thicklv painted vrith India ink, while others were covereii witb 
transparent glass, the first lot remaiueil straight or nearlv so« 
vhereas the second curved normallv. From sucb results Dar- 
\vix concluded that the tip of the cotvleilon is the chief |>er* 
ceptive region. Tbat it is not the onlv jierceptive j^art« even 
in cotvledons« follows from the observations of Rothkrt ('W>« 
\i'ho finds that a slight curvature succeeds the illumination of 
the basal part alone of the cotvledon. In some seeiUings of 
dicotvledons« indeed« the perceptive region exista nearly equally 
developed along the whole stem. 

In those cases where the tip of the plant is alone peroei>* 
tive tliere must be the transmission of an impulse from the {ht- 
ceptive to the bending region. The rate of tbis transmission 
is variable; in favorable cases it is alnuit 2 cm. )H>r hour 
(RoTHERT, '94« p. 209). If we define ** irritation '' or **8timu- 
lation" as the condition of the protoplasm immeiliatelv luite- 
cedent to its response, — as tbe chemical transformation Iving 
behind the visible result, — then, since in these plants the 
response occurs some distanoe from tbe perceptive region, >ve 
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must concluile, with Rothert, that here, as in animals, stimur J 
lation is a procesa distinct from perception. 

2. Animals. — Phototropism aiiiong animals will iiaturall7 J 
be limited to elongated, aesaile forma. It has hitherto been | 
detected onlj among hydroid8 and worms of the family Serpu- 
lidEB. 

a. Serpulidis. — A type of response to light interraediate j 
batween phototaxis aiid pliototropism is described by Loeb [ 
('90) for Spirograpbis spaUanzanii. This worm (Fig. 127> J 




i .u. 1.;:. l.......-K[ii ijh.iioiroptc PurvMore in SplrographlBspiillatiMnll. Theant- 

uials »uru uriginall)' placed horlzontnllj on Ibe botlnia of Ihe aqusr)tiin, tbfl 
maJor1ty with their heada tovards the side, e/gh, nf tbe ftqaiiiriiim away from 
the vlndoiT. In their fuiiher firntnh th» aniiuBls ciirre UDtil thelr headE ara 
tnrneil tomards the li^ht side, ahrd, ot the a^UHrlutn, and ihe aie« ot thelr 
gilla Bland Id tbe direclion of tha raja of da^light. (From LosB, '90.) 

builda, from a secretion of the body, cy!indtical tubes of Bome- 
what elastic nature which are attached at their baae to a snlid 
Hubstratum. \Vhen theae worms, in their tuljes, are illumi- 
nated from one side by a pencil of rays, the npper part of the 
tube comes, within a fe-n- houra, to lie in the axi8 of the pencil, 
and the gills, which surround the head, are atretched ont 
towardB the source of lipht. This result seetns to be dne to 
a sort of phototactic response modified by the sessile habit of 
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tbe organism. Since tbe tube is tough and elastic^ its bending 
towanU tbe ligbt must be due, at iirst, to muscular action of 
tbe animal inliabiting it. Additional seeretious are« bowever^ 
eoDstantlv poured fortb so tbat tbe new position soon becomes 
in turn tbe permanent one. Serpula, wbicb bas a tube eon- 
taining Ume, likewise turns its bead end towards tbe ligbt ; 
but, since its tube is firm and inelastic, tbe bending wbieb it 
finally exbibits must be ascribed alone 
to growtb of tbe sbell by additions to 
its free upper margin. 

b. Hjfdroids, — Tbese bave been 
made tbe object of 8tudy by Driesch 
('90) and Loeb ('90 and '91, p. 36). 
In stocks of Sertularella polyzonias, 
reared in an aquarium, one often finds 
a stolon (primary stolon) growing out 
from tbe distal end, at first straigbt, 
so as to prolong tbe axis of tbe stook, 
tben turning and growing from tbe 
source of ligbt. From tbe convexity 
of tbis primary stolon a seeondary one a 
buds fortb. It gro\vs toward8 tbe Fio. 128. — Phototropism in 
liglit for a time, until it in turn buds 
off a (tertiary ) stolon ; tben it beeomes 
negatively pbototropic. Tertiary and 
succeeding generations of stolons fol- 
low tbe same law. We bave bere tbe 
remarkable pbenomenon of cbange in 
tbe sense of response depending ujK)n 
tbe condition of development of tbe sto- 
lon (Driesch). In Eudendrium tbe 
bvdrantbs, in contradistinetion to tbe 
stolons, grow towards tbe ligbt — tbey 
are po8itively pbototropic (Fig. 128). 

Tbe effective rays in animal phototropism bave not l)een 
determined. It is bigbly probable tbat, as in plants, tliey are 
tbe more bigblv refraetive ones. Tbe responding region in 
bvdroids is tbe growing region. Tlie fully formed stolon does 
not turn in response to ligbt. Tbe perceiving region is stili 




generatiou of Sertularia (polj- 
soniait?). The stitck wmii cut 
near the stolon nt 6 and in* 
Mrted reversed in the 8and» 
being buried from d to c. 
From the up|>er end 6, both a 
stolon, Tl'|, and hydranth«, S^ 
regenerated, and both f(rew 
in the axi8 of the infalling 
raj of liffht, indicated by the 
arrow. The hjdranths are di- 
rected toward the sourve of 
ligbt; the stolon tip in the 
opposite direction. Mafcnifl«! 
2 diameters. (From Lukb, 
•90.) 
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unkuown ; the subject has not been investigated. Is it at the 
tip or at the responding region, or do these regions exactly 
coincide? The essential identitj of phototropism in sessile 
animals and plants is striking, and indicates how closely simi- 
lar needs are met by similar capaeity for response in the two 
groups. 

3. General Considerations. — a. Persistence of Stimulation. 
If a seedling, after momentary illumination on one side, be 
placed in the dark before any turning has occurred, phototro- 
pism will follow after the same interval as would ha ve elapsed 
had the plant remained in the light. Even if the irritated 
seedling be placed in the dark in a horizontal position, no geo- 
tropic curvature will interfere with the working out of the 
stimulus already given. This persistence of an eflfect wrought 
by light has been called by Wiesner photomeehanical induc- 
tion : it is, however, only a particular čase of persistence of 
an eflfect, of which we have seen other examples. As a result 
of this phenomenon a seedling, intermittently illuminated for 
one second and kept in the dark for two seconds, will respond 
phototropically as completely and as quickly as if it had been 
kept continuously in the light. 

6. Acclimatization to light is a process clo8ely related to 
the foregoing. As early as 1827 Mohl observed that plants 
reared in a weak light, or in the dark, became, after a time, 
phototropically more sensitive than plants which had been con- 
stantly exposed to fuU daylight. The observation has been 
several times confirmed (cf . Darwin, '81, Chapter IX) ; so we 
may conclude that the constant subjection to light diminishes 
the sensitiveness tovvards light. 

C, Mechanics of Phototropism. — It is clear that phototropic 
curvature, as seen in the seedling, the mold, or the hydroid, is 
the result of unequal growth upon tlie two sides of the cylin- 
drical organ ; and, indeed, that the positive phototropism is 
due to a relative diminution of growth on the side next the 
source of light, and the negative phototropism to a relative 
increase of growth on that side. Experiments have shown 
that in positive phototropism growth is excessively rapid upon 
the convex side of the organ, and excessively slow upon the 
concave side. These results are reasonably attributed to an 
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increased turgescence on the one side and a decreased turges- 
cence on the other. 

In unicellular organisms, on the other hand, this mechanism 
cannot be called upon ; and great diflBculty has been met with 
in explaining how an elongated celi, for instance, of a hypha, 
can curve itself. Some authors have suggested that the 
cell-wall on the convex side becomes excessively extensible, on 
the concave side excessively rigid. Again, it has been sug- 
gested that this change takes plače rather in the protoplasm 
inside the wall than within the wall itself. If, however, with 
many plant physiologists we regard the cell-wall as the truly 
living, only considerably modified, protoplasm, then we may 
accept both of these views, and, uniting with them the expla- 
nation advanced for phototropism in multicellular organs, say : 
The curving of the unicellular organ is probably due to the 
increased extensibility, gained through imbibition of water, of 
the whole protoplasm (including cell-wall) of the convex side, 
together with a corresponding diminution on the concave side. 
In a word, then, the mechanism of phototropism may be stated 
to be the excessively rapid imbibition of water by the proto- 
plasm on the convex side. 

But what starts the mechanism ? This is the same question 
that arises with other growth responses. Its answer must be 
deferred to a later chapter. 
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CHAPTER XVIII 

EFFECT OF HEAT ON GROWTH 

As in other cases, so in describing the effect of heat we shall 
consider separately its effect on the rate and on the direction 
of growth.* 

§ 1. Effect of Heat on the Rate of Growth 

The descriptive fact that the rate of growth — of develop- 
ment in general — in both animals and plants is dependent 
upon temperature, has long been known. The work upon 
plants was begun earlier than that upon animals, and has been 
carried further. We may consider, first, the results gained in 
that group. 

1. Plants. — As an introduction to the studjr of the effect 
of heat upon growing plants, we may consider the results of 
measurements made upon phanerogams, showing, for various 
temperatures, the increase in length of the plant after 48 
hours : — 



* The methods to be employed in subjecting organisms to heat have already 
been dlscussed on pp. 219-222. The constant-temperature oven, of the kind 
«mployed in bacteriological laboratories, may be used for rearing growing plants 
or aquatic animals at a high temperature. An ordinary refrigerator will serve 
for temperatures from near 0° to 8° or 10° C. The methods employed in thermo- 
tropic experimentation are referred to on p. 464. 

To test the question of the dependence of the optimum for growth upon the 
temperature to which the organism is normally subjected it would be necessary 
to rear a species attuned to a warm climate at a constantly low temperature for 
several generations, or the reverse, and then compare the optimum of the normal 
race with that subjected to the new conditions. To test the question of the 
dependence of the range of the growing temperatures ux)on the range of tem- 
peratures in the environment, one lot of individuals of a species should be 
reared in a constant-temperature room, and another in a veij fluctuating 
temperature. 
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TABLE XLVU 

ShOWIKO THE AVBRAOE TOTAL InCRBMBNTS IK LbKOTH (iK MiLLIMETEKS) OF 
THE PlumuleS OF SbBDLINOS 8UBJBCTBD TO DiFFBRESIT TbMPBRATUKBS 

(bxprbssed in Dborbbs Cbntioradk). Thb Obsbrvatioks marked 8 
wbrb madb bt Sachs (*60) ; thosb markbd K, bt Koppbn (*71) ; and 
TH08B markbd V, BT DB Vribs C70). The Time Intbbval 18 48 Hours 
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X 
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M 

X 
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U 
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6.0 


9.1 


3.8 


6.9 


1.6 
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7.4» 


4.6» 




3.0» 












18-19.9 






1.1 




8.3 


11.6 








20-21.9 






9.3 




25.5 


26.0 


24.9 


88.0 


20.6 


22-23.9 






10.8 




30.0 


31.0 








24-25.9 






20.1 




45.8 


33.9 








26-27.9 


11.0 


6.6 


29.6 


10.0 


58.9 


64.1 


62.0 


71.9 


44.8 


28-29,9 






26.6? 




40.4 


60,1 








30-31.9 






64.6 




38.6 


43.8 


44.1 


44.6 


39.9 


32-3:i.9 


10.5 


11.0 


69.6 


6.7 


23.0 


14.2 








34-35.9 


16.0 


18.0 




5.0 






30.2 


26.9 


28.1 


36-37.9 






20.7 




8.7 


12,6 


10.0 


0.0 


9,2 


38-39.9 


10.2 


9.1 




6.6 












42.5 


7.5 


4.6 

















TABLE XLVIII 

Showino thb Atbragb Incrembnts in Lbnoth in Millimbters OF thb 
Radicle of Variods Sebdlino Plants subjbctbd to Diffbbent Tbm- 

PERATCRE8. TbMPERATURBS IN DeOREES CeNTIOBADB. Al^ FBOM SaCH« 

('60). Thb Timb Interval m 48 Hours. 



o C. 


ZSA MAn. 


PllA8BOLl'fl 

MrLTiruiBis. 


CrortiiTA p«ro. 


PnrM »ATITI-M. 


17.0 


2.5» 






4.0* 


25.7 




39 






26.3 


24.6 


47 






28.5 




34 




41.0 


33.2 


39.0 


30 




17.0 


34.0 


65.0 


28 


30 




88.2 


26.2 


22 


14 


12JJ 


42.5 


6.9 


7 


11 





* Gn>wth doriog 96 hoan. 
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Data from the higher fungi have been afforded by the 
studies of Wiesnbb ('73) upon Penicilliiim. I give ali of 
Wiesner's data, although not ali are strictly concerned with 
growth. These data show the relation between temperature, 
on the one hand, and the interval, in days, between sowing 
and (1) germination, (2) formation of visible mycelium, and 
(3) spore formation, on the other : — 

TABLE XLIX 

Time, in Dats, REgniRED for Spores of Penicillium to oerminatb, producb 
Visible Mtcelium, and to form Spores, at Various Temperatures 



Tkmpsratuiue °C. 


TiMS TO OSRMINATIOir. 


TiM« TO Peoduction 

OF VlSlBLS MTCSLIUM. 


TlMK TO BpORB 

Formation. 


1.5 


6.80 






2.0 


6.50 




• 


2.6 


3.00 


6.00 




3.0 


2.50 


4.00 


9.00 


3.6 


2.25 


3.60 


8.00 


4.0 


2.00 


3.00 


7.75 


6.0 


1.60 


2.90 


7.00 


7.0 


1.20 


3.00 


6.25 


11.0 


1.00 


2.30 


. 4.00 


14.0 


0.75 


2.00 


3.00 


17.0 


0.75 


2.00 


3.00 


22.0 (Opl.) 


0.25 


1.00 


1.60 


26.0 


0.50 


0.99 


2.00 


32.0 


0.70 


1.01 


2.10 


38.0 


0.55 


2.26 


2.60 


40.0 


0.70 


2.60 


3.50 



The law of growth of bacteria at various temperatures is 
illustrated in the observations of Ward ('95, p. 458). His 
results are epitoraized in the curves of Fig. 129. 

The curve (Fig. 130) of the phanerogaras Zea mais and Pisum 
sativum, which Is constructed somewhat differently from that of 

Fig. 129. — Curve of relation between rate of growth of Bacillus ramosus and the 
temperature. The growth is measured by the period, expres8ed in minutes M, 
required for the bacillus to double its length. The relative duration of these 
periods is expre8sed by the ordinates. The abscissse are temperatures. (From 
Ward, '95.) 

Fio. 130. —Curves of absolnte growth in 48 hours of Zea mais and Pisarn sativum at 
difiterent temperatures. (Data from Table XLVII.) 
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Data from the higher fungi have been afforded by the 
studies of Wiesneb ('73) upon Penicilliiim. I give ali o£ 
Wiesneb's data, although not ali are strictly concemed with 
growth. These data show the relation between temperature, 
on the one hand, and the interval, in days, between 80wing 
and (1) germination, (2) formation of visible mycelium, and 
(3) spore formation, on the other : — 

TABLE XLIX 

Time, in Dats, REgniRED for Spores of Penicillium to oerminate, producb 
Visible Mycelium, and to form Spores, at Various Temperatures 



Tkmpbkatubs ''C. 


Time to Germinatiok. 


Time to Peoduotion 
OF Visible Mtcelium. 


Time to Spokb 
fobmation. 


1.5 


6.80 






2.0 


5.50 




. 


2.5 


3.00 


6.00 




3.0 


2.50 


4.00 


9.00 


3.6 


2.25 


3.50 


8.00 


4.0 


2.00 


3.00 


7.75 


5.0 


1.50 


2.00 


7.00 


7.0 


1.20 


3.00 


6.25 


11.0 


1.00 


2.30 


. 4.00 


14.0 


0.75 


2.00 


3.00 


17.0 


0.75 


2.00 


3.00 


22.0 (Opt.) 


0.25 


1.00 


1.60 


20.0 


0.50 


0.09 


2.00 


32.0 


0.70 


1.01 


2.10 


38.0 


0.55 


2.25 


2.60 


40.0 


0.70 


2.50 


3.50 



The law of growth of bacteria at various temperatures is 
illustrated in the observations of Ward ('95, p. 458). His 
results are epitomized in the curves of Fig. 129. 

The curve (Fig. 130) of the phanerogams Zea mais and Pisum 
sativura, which Is eonstructed somewhat differently from that of 

Fig. 129. — Curve of relation between rate of growth of Bacillus ramosus and the 
temperature. The growth is measured by the period, erpressed in minutes M, 
required for the bacillus to double its length. The relative duration of these 
periods is eipressed by the ordinates. The abscissce are temperatures. (From 
Ward, '95.) 

Fio. 130. — Curves of absolnte growth in 48 hours of Zea mais and Pisarn sati vam at 
difiterent temperatures. (Data from Table XLVII.) 
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Data from the higher fungi have been afforded by the 
studies of Wiesneb ('73) upon Penicilliiim. I give ali o£ 
Wiesneb's data, although not ali are strictljr concerned with 
growth. These data show the relation between temperature, 
on the one hand, and the interval, in days, between sowing 
and (1) germination, (2) formation of visible mycelium, and 
(3) spore formation, on the other : — 

TABLE XLIX 

Time, in Dats, REgniRED for Spores of Penicillium to oerminate, producb 
Visible Mtcelium, and to form Spores, at Various Temperatcres 



Tkmpesatukb °C. 


TnU TO OSBMINATIOir. 


TiM« TO Pboduotion 

OF ViSIBLS MtCKLIUM. 


TiUB TO Bpokk 

FOBMATION. 


1.5 


5.80 






2.0 


5.50 




. 


2.6 


3.00 


6.00 




3.0 


2.50 


4.00 


9.00 


3.5 


2.25 


3.60 


8.00 


4.0 


2.00 


3.00 


7.75 


6.0 


1.50 


2.90 


7.00 


7.0 


1.20 


3.00 


6.25 


11.0 


1.00 


2.30 


. 4.00 


14.0 


0.76 


2.00 


3.00 


17.0 


0.75 


2.00 


3.00 


22.0 (Opt.) 


0.26 


1.00 


1.50 


20.0 


0.50 


0.09 


2.00 


32.0 


0.70 


1.01 


2.10 


38.0 


0.66 


2.25 


2.60 


40.0 


0.70 


2.50 


3.50 



The law of growth of bacteria at various temperatures is 
illustrated in the observations of Ward ('95, p. 458). His 
results are epitomized in the curves of Fig. 129. 

The curve (Fig. 130) of the phanerogams Zea mais and Pisum 
sativum, which Is constructed somewhat differently from that of 

Fig. 129. — Curve of relation between rate of growth of Bacillus ramosus and the 
temperature. The growth is measured by the period, eipressed in minutes (i*-), 
required for the bacillus to double its length. The relative duration of these 
periods is expre8sed by the ordinates. The abscissee are temperatures. (From 
Ward, '95.) 

Fio. 130. — Curves of absolute growth in 48 hours of Zea mais and Pisum sativum at 
difiterent temperatures. (Data from Table XLVII.) 
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Data from the higher fungi have been afforded by the 
studies of Wiesner ('73) upon Penicillium. I give ali of 
Wiesner's data, although not ali are strictljr concemed with 
growth. These data show the relation between temperature, 
on the one hand, and the interval, in days, between sowing 
and (1) germination, (2) formation of visible mycelium, and 
(3) spore formation, on the other : — 

TABLE XLIX 

Time, in Dats, required for Spores of Penicillium to germinate, prodccb 
Visible Mycelium, and to form Spores, at Various Temperatures 



Tkmpesatuke o C. 


TiMK TO OkRXIXATIOX. 


TiM« TO Pboduction 
OF ViaiBLS Mtcslium. 


TuiK TO Spore 
Formation. 


1.5 


5.80 






2.0 


5.50 






2.5 


3.00 


6.00 




3.0 


2.50 


4.00 


9.00 


3.5 


2.25 


3.50 


8.00 


4.0 


2.00 


3.00 


7.75 


5.0 


1.50 


2.00 


7.00 


7.0 


1.20 


3.00 


6.25 


11.0 


1.00 


2.30 


. 4.00 


14.0 


0.75 


2.00 


3.00 


17.0 


0.75 


2.00 


3.00 


22.0 (Opt.) 


0.25 


1.00 


1.50 


20.0 


0.50 


0.09 


2.00 


32.0 


0.70 


1.01 


2.10 


38.0 


0.55 


2.25 


2.60 


40.0 


0.70 


2.50 


3.50 



The law of growth of bacteria at various temperatures is 
illustrated in the observations of Ward ('95, p. 458). His 
results are epitomized in the curves of Fig. 129. 

The curve (Fig. 130) of the phanerogams Zea mais and Pisum 
sativum, which is constructed somewhat differently from that of 

Fig. 129. — Curve of relation between rate of growth of Bacillus ramosus and the 
temperature. The growth is measured by the period, expresscd in minutes (i*), 
required for the bacillus to double its length. The relative duration of these 
periods is expressed by the ordinates. The abscissse are temperatures. (From 
Ward, '95.) 

Fio. 130. — Curves of absolnte growth in 48 hours of Zea mais and Pisum sativum at 
difiterent temperatures. (Data from Table XLV1I.) 
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Fig. 129, shows, more graphically than the tables from wliich 
they are drawn, that, as the temperature rises, growth increases 
up to a certain point, and then diminishes again. The falling 
off is more rapid than the inerease — a condition which we 
found also in the curv£s (Fig. 68 ; p. 226) giving the rate of 
movement of protoplasm at different temperatures. We have 
thus three critical points to distinguish : the minimum, or 
lowest temperature at which growth oceurs ; the optimum, or 
the temperature of greatest growth ; and the maximum, or the 
highest temperature at which growth can take plače. These 
critical points, then, are to be considered comparatively ; and 
as an introduction to this consideration I present, in a table, 
the points as they have been determined f or various species : — 

TABLE L 
Showino Critical Points fob Various Plant Oroanisms, arsanoed 

ACCORDINO TO THE OpTIMUM 



Naiu of Plant. 



Bacillus phosphorescens . . 

Penicillium 

Phaseolus multiflorus (Radicle) 
Pisum sativum (Plumule) 
Sinapis alba (Plum.) . . . 
Lepidium sativum (Plum.) . 
Linum usitatissimum (Plum.) 
Lupinus albus (Plum.) . . . 
Hordeum vulgare (Plum.) 

Triticum vulgare (Plum.) . . | 

Teast 

Bacillus subtilis 

Bacterium termo 



TSMPS&ATURK FOB GBOWTn. 



Zea mais (Plum.) 



{ 



Phaseolus multiflorus (Plum.) 
Cucurbita pepo (Plum.) 
Zea mais (Rad.) . . . 
Bacillus ramosus . . . 

anthracis . . 

tuberculosis . 

thermophilus . 



(( 



i( 



ii 



Optimitm. 



20.0° 

22.0 

26.3 

26.6 

27.4 

27.4 

27.4 

28.0 

28.7 

28.7 

29.7 

28-34 
30.0 

30-36 
32.4 
33.7 
33.7 
33.7 
34.0 
37.0 
37.0 
38.0 

63-70 



Minimum. 



0.0° 
1.6 

6.6 
0.0 
1.8 
1.8 
7.6 
6.0 
6.0 
7.6 
0.0+ 
6.0 
6.0 
9.6 
9.6 
9.6 
13.7 

13.0 
14.0 
30.0 
42.0 



Masimum. 



37.0° 
43.0 



37.2 + 
37.2+ 
37.2+ 

37.7 
42.6 

38.0 
60.0 
40.0+ 

46.2 
46.2 
46.2 

40.0 
46.0 
42.0 
72.0 



AUTHOBITT. 



Forstbr, '87 
Wi£sner, '73 
Sachs 

K5PPBN 

DE Vries 



t( 



t( 



KdPPEN 

Sachs 
it 

KOppen 



ElDAM, *76 
K6PPEN 

Sachs 
tt 

(( 

(( 

Ward, '96 

Fischsr, *97 

tt 

it 
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Thia table Hliowa, first, tbat the optimum, minimum, and 
inasimum are correlated ; that when one is liigh or Iow the 
othera are, in general, higli or low also. It ahoivs, raoreover, 
that the position of the optimum varies greatly ; bo that the 
minimum of one species, Bacillus thermophilus, lies higher 
than the maxinium of another, Bacillus phosphorescens. We 
Bee, also, that the bocteria have, amoug ali orgauisms, the grent- 
est variation in the optimuui, for this ranges from 20° to 63°- 
70° C, or through 43°-50° C. In the varioua phanerogams the 
extreme range of the optimum is from 26.6° to 38.7° C, or 
through 7°. Agaiu. the range of temperatures at which 
grovvth occurs in any one species varies greatlj. The most 
striking feature of this table — the one which most needs 
accounting for — is its variety. 

In respect to the optimum we find a certain relation between 
the degree of temi>erature of most rapid growth and that to 
whieh the organism ia normally subjected. Taking the čase of 
an organism \vith a low optimum, we Hnd Bacillus phosphores- 
cens living in the North Sea, and normally subjected to a low 
temperature ; for, even in itji aouthern part, the mean temper- . 
ature of the North Sea is 17.5° at the surface. Taking the 
čase of organisms with a high optimum, we find Bacillus an- 
thracis and Bacillus tuberculosis living in the mammalian body 
at a normal temperature of 35° to 38° C. These numbers lie near 
the optima of the species. Bacillus thermophilus lives in fer- 
menting manure and in other situations attaining a temper- 
ature of 60° to 70°. Likewi8e, among phanerogams, we find a 
relation between the optimum and the normal temperature — 
the maize and gourd are of tropical origin, while the wbite 
mustard (Sinapis) belongs to the temperate zone. That this 
agreement between optimiun and normal temperature is not 
aln'ays close may be partly ascribed to the fact that many spe- 
cies of plants, especially cultivated plants which are usuallr 
employed in experimentation> have tived at different times 
under dissimitar environmental conditions. What, now. is the 
reason for this general parallelism between the optimum and 
the normal temperature ? As in other cases, it can clearly be 
ascribed only to an attunement gained by the organism as a 
result of its Bubjection to the temperature. 
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As for the minimum we find that, while it varies somewhat 
with the optiinum, it ne ver falls below 0° C. The reason for 
this is clear ; for, as we have already seen (p. 241), 0° C. is the 
minimum for most vital activities. The fact that the minimum 
for phanerogams is given some distance above 0° is partly due 
to the fact that, since growth becomes very slo\v towards 0°, the 
absolute minimum for growth is hard to find. Kirchner ('83), 
who paid particular attention to this matter, concluded that 
the minimum temperature of both radicles and plumules of 
many seedlings lies between 0° and 1® C. Hovvever, we cannot 
ignore the fact that Cucurbita, for example, has a minimiim for 
growth considerably above the point of cold-rigor , nor that, 
in pathogenic bacteria, the minimum is near the optimum of 
some free-living organisms. These facts teach us that the con- 
ditions for growth may be surpassed before metabolism lias 
wholly ceased. 

The mazimum temperature tends to be rather constant ; 
inside of the group of phanerogams the range is only from 37° 
to 46°, or 9°. But 45° to 46° is a fatal temperature for most 
plant protoplasm (p. 234), and 50° is the outside limit ; 
hence the death-point (ultra-maximum) lies very close to — 
only slightly beyond — the maximum temperature for growth. 
It is probable that growth ceases where heat-rigor comes in. 
The extraordinarily high resistance of Bacillus thermophilus 
can create no surprise after our study of the capacity of organ- 
isms for acclimatization to temperatures near the boiling-point 
of water (p. 250). It is merely another striking čase of the 
capacity of protoplasm for self-adjustment. 

The range of growing temperatures varies, as we have seen, 
with the species. The greatest range in our table is that of 
Bacillus subtilis, 44°. It is tolerably uniform for phanerogams 
(37° to 32°); but in bacteria we have a range of 38° in the 
čase of Bacillus phosphorescens to only 12° in the čase of 
Bacillus tuberculosis. Here, again, we see a relation between 
the vital peculiarities and the environment of the organism. 
B. phosphorescens lives on the surface of the sea, whose tem- 
perature varies with that of the air ; whereas B. tuberculosis 
lives in the mammalian body, whose temperature is nearly con- 
stant. It is interesting that the temperature of 42°, which is 
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the maximum for B. tuberculosis of man, is likewise about the 
human ultra-maximum ; and 30^, the minimum for B. tubercu- 
losis, is just below the human ultra-minimum. Thus the 
range of vital temperatures of this parasite is practically the 
same as that of its host. 

To sum up, the critical temperatures of plants are wonder- 
fully adjusted to their environment, not only in respect to 
the optimum for growth, but also in respect to the range 
within which growth is possible. The origin of this adjust- 
ment is, as the phenomena of acclimatization show, not to be 
sought in any process of selection, but in the modification 
wrought on the protoplasm by the temperature itself. 

2. Animals. — We may begin our account of the effect of 
heat on the rate of growth of animals by a table, necessarily 
drawn from more limited data, but otherwise resembling 
Table XLVII. 

TABLE LI 
SHOWiyo FOR DiPFERBirr Temperatures the Absolute Increasb in Lenoth, 

MBASURED IN MfLLIMETERS, FROM THE 24tH TO THE 48tH IIoUR AFTER 
IIaTCHINO. MEASrREMENTS MADE ON YoUN<} TaDPOLES OF THE FrOO, 

Rana virescens, and the Toad, Bufo lentiginosus, bt Lillie and 
Knowlton, '98 





TvMMB &¥¥*■• 


AVEEAGB 0BOWTn. 


TBIfrBBATrVS. 


ATBEAas Gbowtb. 




Feo<i. 


TOAD. 


Fkoo. 


TOAD. 


9-10.9^ 
11-12.9 
13-14.9 
15-16.9 
17-18.9 
19-20.9 
21-22.9 


4.5 
5.3 
4.3? 

9.5 
19.8 


3.0 

5.3 

15.5 

10.3 

21.2 


23-24.9^ 

25-26.9 

27-28.9 

29-30.9 

31-32.9 

33-34.9 


31.5 
40.0 
47.5 
40.2 
43.5 


41.3 
39.0 

56.8 
55.3 



OscAR IIertwig C98) has determined the curves of growth 
for Rana fusca, and these are given in Fig. 131. These curves 
have not been carried beyond the optimum. (Compare Fig. 129.) 

This table and the curves 8how plainly that the gro\vth of 
organisms so remote as the maize plant and tadpoles are simi- 
larly affected by heat. In both cases there is a slow and con- 
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staDtly dimmishing increment to the optitnum, and then a 

rapid (lecline to the niaxiniuni. 

Although maijjr ob- 
MrvBtioD3 upon the 
efiect of heat on the 
gronthofaiiimabh&Te 
been made, they have 
been iiiosttj fragmen- 
tary. I have gathered 
certaia cases from the 
literature which it may 
not be useless to repro- 
duce here. 

Eckiiiodermala 

According to Verkon 
('95) the optimum for 
the developnient oi 
Echinoid Iofteb ia 7°— 
22°. 

Crvtiaeea. — Nauplii 
of Branchipus aad 
ApuB hatch out at a 
temperature of 30° in 
lesa than 21 houra, 
where88 at 16''-20° they 
re<] Ilire some veeks 
(Skmpek, "81, p. 129). 
Lobster larree reared 
at 23° to 27° C. passed 
the fourtb molt in 
about 10 days, or 8 
day8 earlier than lai^ 
TfE reared at 19° C. 
(HERHiCK,'96,p.l90). 
Imecla. — The mi- 
gTatory locuat ia as- 

aerted to requiTe at different temperatures the folIowiiig times for hatchiog. 

The figurea are sospiciouslj regular. (From Cuknot, '94, p. 18, after 

"Cleveland.") 
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Fio. ISl.^Carvea ahonlnt; the relatlon betireen tbe nnm- 
bei □[ dayB (ordinftMa, iodlcated at lett) tequlred tor 
the frog ladpole to reacb a certaln defiiilte stage, and 
the temperatuie to tvhtch It Is BuL]ect«d durlng devel- 
oprneot. Stage I is that o( a gaatrula whoBe blaslopore 
is JDst cloBlng; 11, edges of medulUrj plate tising; 
III, tnedullary tabe completeljr clused ; IV, tail evi- 
dent, but gllls not totmed; V. eDibryo O mm. long; 
VI, einbryoT.Smm. lung; VII, 9 mm. long; VIII, 11 
mm. loDg; IX, 11.0 mm. loDg. (From HsRTWia, "Hi.) 



Degrees 



SO 



55 



Fiske). — Many eiperimenta have tieen made with these aniniaU for com- 
mercial reasonN, as it is sometimea desirable to retard growth during trans- 
portation or to delay hatehing until the seasoii of the natural enemies ahall 
have been paased. Some of the resulta are rammarized in 
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TABLE lAl 

ShOWING FOR ThEBB SpBCIES op FI8H THB brrBRTAL, IX DaTS, BLAPSnfO 

BBTWEEN Fbrtilization akd Hatchixg, at Variocs Tbmfbeatcrbs 



TciCrKKATrSB OF WATUt. 


CoD <Eaell, *&0). 


Hbkbixo (Mktbb, *TS). 


8aAD (RiCB, *&4V 


-2-0.0 


30.0 






0- 1.9 


32.5 






2- 3.9 


22.0 


40 




4- 6.9 


16.0 






6- 7.9 


13.0 


15 




8- 9.9 








10-11.9 




11 




13.5 






11 


20-2:^.0 


• 




3-5 



Rauber ('83) States that eggs of minnows and salmon, which develop 
during the wint«r season, will not grow at much above 12^-15^, but will do so 
at 0^. On the contran*, eggs vhich normally develop during the summer 
grow l>etter at the higher temperatures. 

Amphibia. — The European Rana is said not to develop at 0^ (Schultzb, 
^), and the same is true of the Aiub]ystoma tigrinum of the United States. 
(LiLLiE and Knowltox, '98). The tirne re^^uired to attain a definite stage, 
at which the chorda is well developed and head and tail are sharplv niarked, 
is for Kana teniporaria: at l.V, 6 duvs; at 33^ 1 day (IIf.rtwiu, *96). If 
broiight graduallv to it tadpoles niav develop at 37^ or even for a few hours 
at 40^ but thev do not thrive long at this temperature. The great effects of 
tem{>erature on rate of developnient of the frog are illustrated by Fig. 132. 

Binh develop onlv at a high temperature and within narrow liniits. 
The noruial for the chick is 38^ the minimum is 25^ the niaximum near 
42^ (Raudf.k, '84). Fižr6 (*94) has determined the rate of developnient of 
the chick*s egg incubated at dififerent temperatures. One lot at an abnor* 
nial temperature and a second at 38^ were reared synchronously ; after a 
time the eggs were opene<i and the average stage of development (in hours 
of a standard series) determined. The following numl>ers eipress the ratio 
of the stage of development at the abnormal tem})erature to the stage at the 
uormal temj^rature of J}8° : — 

Temjierature .... 34^ 3')^ 30^ 37^ 38^ 39'^ M^ 4 P 
Index of Development 0.65 0.80 0.72 ?• (l.(X)) 1.06 1.2:» I.")! 

In summarizing these scattered obsen-ations on growing animals \ve may 
exhibit in one table their critical temi^eratures. 

♦The stage at 37' is taken fnmi too few observntions to be tru8tworthy. The 
Btages at 35^ and 30^ are irregular, doubtless l»eoau«e of too few ubsienrations. 
As we go beyond 41° the ratio must decline again with great tuddenneas to 0. 
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TABLE LIH 

CrITICAL POINTS FOB VaRIOUS AnIMALS, ARRANOBD AGGORDINO to THE 

Optimum 



8PKCIE8. 


Optdium. 


MiKUfUM. 


Mazimum. 


AUTHOBITT. 


Minnows 1 
Salmon / 

Echinus 

Rana virescens 

Bufo lentiginosus .... 
Gallus domesticus . . . . 


170-22° 
30 
32 
38 


0° 

3 

6 

25 


12°-16° 
42 


Rauber, *84 

Vernon, '95 
LiLLiE and K., *08 

a a (1 

Rauber, '84 



These critical points for animals 8how the same variations with reference 
to optima, minima, maxima, and range that those of plants do, and here 
also these variations are clearly adjusted to the temperatures normallj 
experienced by the species. 

3. Some General Phenomena accompanTiiig Heat Effects. — 
a. Latent Period. — We have seen that a change in the rate 
of growth is produced by a change in temperature. If, how- 
ever, the times of the two changes be carefuUjr noted, it will 
be found that a considerable interval elapses between them. 
This interval, the latent period, varies with the temperature. 
Thus AsKENASY ('90, p. 75) found that, in the čase of maize 
seedlings cooled to l°-5°, two or three hours elapsed before 
decreased growth oceurred ; whereas, when the seedling wa8 
cooled to 0°, five hours elapsed. A similar effect follow8 a 
change in the reverse direction. 

b. Sudden Change of Temperature. — If the radicle of a 
seedling is suddenly transferred frora water at or near 0° C. 
to water at between 18° and 21°, two effects follow. The first 
appears immediately after the transference, and consists in the 
sudden elongation of the radicle. The second appears later, 
and consists in a growth which is slower than that of the 
normal radicle. These facts have been determined by True 
('95), who concludes that the first effect is of a physical nature, 
and is due to the fact that, at the higher temperature, osmotic 
pressure is greater ; hence the tension in the tissues is greater 
and, consequently, they become stretched. The second effect 
True regards as a response to the stimulus of the change, since 
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it is not constant for a given difference between the two tem- 
peratures, but is greater in raising the temperature from 5° to 
18° than in raising from 17° to 30°. The more abnormal one 
of the pair of temperatures is, the greater is the response. 

C. Cause of Acceleration of Grotvth hy Heat. — The accel- 
eration of growth may be due either to increased assimilation, 
imbibition, or production of formed substance. Is it princi- 
pally due to any one of these or are ali increased in the same 
proportion? Data on this subject are afforded by certain 
measurements made by Bialoblocki ('71). 

Seedu of rye, barlej, and wheat were planted in soil which was fertilized 
by nutritive solutions and heated by a surrounding bath of water. The 
average absolute weight of the whole plant of each species was determiiied 
after the lapse of twenty dajs. The proportions of water, organic niatter, 
and ash in the entire plant were likewise deterniined. Some of the results 
are given in Table LIV. It is to be noted tliat the high temperature was 
applied onIy to the soil in which the roots of the plant were imbedded. 

TABLE LIV 

GiTiNO THB Average WEionT (in Milliorammes) and the Pkrcentage op 
Watbr in Plants who9E Roots are maintained in Soil, at Various 
Temperatures, for 20 Dats (Bialoblocki) 





Rte. 


Barlev. 


WllEAT. 


TBMmATrBC. 


FERttn 




Febsh 




FrB!1|I 






Wku)ut 


% Watie. 


Weioiit 


% Watee. 


Wei<>iit 


% Watee. 




IX Mu. 




I!« Mo. 




IN Mu. 




w 


170 


87.1 


160 


88.4 


131 


&I.1 


15 


2<$0 


ii7.9 


383 


91.0 


241 


87.8 


20 


459 


89.1 


409 


91.0 


261 


88.2 


25 


376 


88.7 


485 


90.4 


342 


87.2 


30 


408 


88.4 


3(jr) 


90.0 


402 


88.S 


40 


240 


87.0 


231 


88.6 


296 


86.4 


88 


192 


87.5 


152 


88.7 


98 


8:J.9 



This table 8hows that the percentage of water increases slightlj 
but con8tantly as the growth is accelerated by increased tem- 
perature, reaching a maximum near the optimuni temperature. 
Other data (not reprodueed here) 8how that the percentage of 
ash remains about constant, while that of dry organic aub- 
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MEAT) TEMPERATURB 



stance diminishes slightly towards the optimum temperature f or 
growth. We conclude, con8equently, that in the acceleration 
of growth by heat aH three processes are accelerated, but the im- 

bibitory process 
more than the 
others. 

Apparently con- 
tradictory are the 
results gained by 
COPELAND ('96), 
who found that 
the cells in the 
foliage of a moss 
which was trans- 
f erred f rom a cold 
room at 2° to a 
room at 18^ to 20^ 
lost, in f rom one 
to two week8, a 
degree of turges- 
cence measured 
by a 1 to 3% so- 
lution of potassic 
nitrate (p. 72). 
When retumed to 
the cold room the 
cells gained an 
increased turges- 
cence. The nearer 
the temperature 
lay to the optimum, the more rapid therefore the plant growth, 
the lower was the turgescence. This seeming paradox can be 
explained upon the hypothesi8 that just because the whole tissue 
is expanding, just because the superficial increase of the organic 
walls keeps pace, or more than keeps pace, with that of the 
included water, there is less osmotic pressure in the rapidly 
growing plants than in the 8low-growing ones where the plasma 
walls are not expanding as fast as the imbibitory process would 
demand. 
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Fio. 132. — A chart 8bowing the correlation between the 
stage of development of the frog on successive days 
and the temperature at which it has developed. (From 

HlOOBNBOTTOM, '50.) 
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We may now gather together the results of our studj of the 
effect of heat on the rate of growtli of organisms. The relation 
between temperature and rate of growth may be expressed by 
a curve which, starting near 0°, reaches its highest point at a 
temperature varying with the species, and falls to a maximum 
temperature generally not far from the lethal temperature for 
the race. Three critical points are thus distinguishable, — the 
minimum, the optimum, and the maximum. In both animals 
and plauts these points are correlated. The optimum lies 
ciose to the normal temperature for the species, the minimum 
lies usually only a little above the point of cold-rigor, and the 
maximum oniy slightly below the point of heat-rigor. The 
optimum lies nearer the maximum tlian the minimum, but the 
curve is not so unsymmetrical as tliat of metabolism. Any 
change in temperature leads to a change in the rate of growth, 
but this does not take plače completely at once : there is a 
latent period of an hour or so. A sudden rise in temperature, 
especially from 0° to the ordinary summer temperature, is 
accompanied not only by a mechanical (elongating) effect, but 
also by a physiological response, showing itself in accelerated 
growth. Finally, in the acceleration of growth by heat, the 
imbibition of water is slightly more accelerated than the other 
growth processes. 

§ 2. Effect of Heat on the Direction of Growth — 

Thermotropism * 

Two sorts of heat are to be here distinguished — radiant and 
conducted. The former is a form of radiant energy and allied 
to light, consisting, indeed, of the rays lying beyond the visible 
red of the spectrum. The latter is due to molecular vibrations 
of the medium. 

1. Effect of Radiant Heat. — When Phycomyces nitens or 
seedlings of Lepidium sativum, Zea mais, etc, are reared on a 

* The iirst suggestion of thU phenomenon was based upon an analogy with 
the action of light and waa made by tan Tieghem (*82), who gave it the name 
Thermotropism. Wortmann ('83 and ^85) first publisbed extensive critical studies 
on the subject. Others who have contributed data are Barthelemt (*84), 
working on the roota of bulboua plants ; Vocutiho (*88), upon flower buda : and 
AF Klerckkr (*01} upon radiclea. 
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klinostat whose axis of rotation is parallel to the window, and 
are subjected to rajs of heat from a warmed plate of iron held 
in the axi8 of rotation, they turn with reference to the source 
of heat. Thus Wortmann found that, at a distance from 
the iron plate of 10 cm., corresponding to a temperature of 
27° C, ali the spore-bearing hjphae of Phjcomjces turned in 
seven hours from the source of heat; they were negatively 
thermotropic. Under the same conditions the plumule of a 
seedling maize wa8 positivelj thermotropic. The roots of the 
hyacinth when growing in water turn towards the adjacent 
stove-pipe. The flower-buds of Magnolia turn, in the field, 
from the dark heat-rays of the sun (Vochting). 

2. Conducted Heat. — The methods employed in working with 
this agent have been as foIlows : Wortmann used a box 
divided into two compartments by a diathermous partition. 
Through one compartment there passed a constant current of 
cold water ; the second was filled with 8awdust in which seeds 
were imbedded. In front of this second compartment, on the 
opposite side from the cold-water chamber, was a gas flame, the 
source of energy. The seeds were scattered through the saw- 
dust, so that some were nearer the flame, others nearer the 
cold hinder wall. The temperature of the sawdust near each 
seedling was determined. Klercker used essentially the same 
apparatus, excepting that a box of hot water replaced the flame. 

The results of the experiments are summarized in 

TABLE LV 
Snowiyo for thb Radicles op Seedlikos of Variocs Species the Relation 

BETW£EN THE TEMPERATURE AND THE $EN8E OF TlIBRMOTROPIC ReSPONSE 



• 
TuiPEBATUKK. 


Zea mais. 


Ervum lens. 


PUA8EOLU8 
MULTIPLOBC8. 


60.0° 


« 


— 


— 


40.0 


— 


— 


— 


37.5 


-, 4- 


— 


— 


36.0 


4- 


— 


— 


30.0 


4- 


— 


— 


27.6 


4- 


-, 4- 


— 


25.0 


4- 


4- 


— 


22.6 


4- 


4- 


-, 4- 


20.0 


4- 


4- 


4- 


16.0 


4- 


4- 


4- 
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This table BhowB tbat the seuse of tbermotropism is not con* 

etant for ali tempeiattires, but is positive at the lower tempera- 

turea, negative at tbe bigher ones, and neutral at a certain 

intenuediate one. Also« juBt as difFerent species vary iu tbeir 

optimum so aiso do the^ vary ia the temperature of neutralitj. 

Ab the optimum for growth 

is bigh in maize radicles 

(34°), and low in tbe pea ; 

radicle (26°. 3), so also is 

tbe neutral point. Tbe i 

neutral temperature is tbus I 

also probably related to ^ 

the attunement of the or- 

ganism and is an advan- 

tageous response. 

Witbin the range of 
positive or of negative 
turning tbere is a correla- 
tion between tbe temper- 
ature and tbe angle of 
inclination of the organ. 
Klerckbr has paid par- 
ticular attention to tliis fact. His results are summarized in 
the following table and curves, Bhowing for each species the 
average inclination at eucb range of temperature : — 
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Fio. 133. — CaloTitmple carTB of filatti^ tlba, 
«howiliK tbe ralatlon betvtcD tbe incllution 
ot the rulicle and ibe suiroumllng tvmpeni- 
ture. Tbe numben on the lelt gire tbe In- 
clination In deRrees; tbehorlainulMrieeot 
numb^ra are the temperaturei to vblch the 
pTttDt 1b inbjerted, ths temperature dlminUb- 
iDg 4° tur ererj centimeter ot dcparture from 
tbe MUTce ol heat. (After Ar Klkbcksb, 
■91.) 



Th« SbKBK (+0r— ) AHD T 
AnOttLAR I>BTIATIO!l I 
BHT TsMPKBtTLRKH 



TABLE LVI 
t AvaBAOB Ektbat (KiPBBKiBn i)f Dborber nr 

7H VbBTICALITV) ur THBBMOTBOnait AT UlFFKI- 



Plauui Mitivum | -0.0 |-13.0|-2TJt|-3S.4|-4S.e| 

Sinapis aiba | +10.6 | +10.0 | +2.4 | (fiet Fig. 133.) 

FftbaviUgaris | - 4.3 | - e.r, ] -ll.B | -10.1 | -28.9 1 

°C. . . . lll.U.ia.lM..lS,I(.«1,tl,tt,».M,ta.H.>*.«M».IM.>l,RI.n.S4.U.S«.aT,BS,«>,40,4l 



We seo bere tbat tbo nngle of intrlinntion (ivbetber H- or— ) 
inereases regularly uh \ve dopnrt froni tbo tenii>urature uf 
neutrality or tbat of 0° curvature. 
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3. Causes of Thermotropism. — Van Tieghem suggested, in 
his a priori account of thermotropism, that it was due to an 
unequal growth on the two unequally heated sides of the 
organ, the side whose temperature was nearest the optimum 
making the greater growth. This explanation is not a 
direct mechanical one, the turning stem does not act merely 
like a metallic rod. The curvature is rather the result of 
unequal growth at unequai temperatures. In accordance with 
the theory just outlined we should find organs subjected on 
one side to the optimum temperature grovving on that side 
faster than on the other, and hence turning f rom the optimum 
— but they turn toward8 it. Again, plants subjected on one 
side to a temperature slightly below the optimum will have a 
stili lower temperature on the opposite side, and should be 
negatively thermotropic — but they are positive. Finally, 
plants subjected on one side to a temperature above the opti- 
mum will have a lower temperature, one nearer the optimum, 
on the opposite side, and should be positively thermotropic — 
but they are negative. In a word, according to the theory, 
plants should turn from the optimum ; they turn, however, 
towards the optimum, hence vas Tieghem's theory is exactly 
opposed to the facts. 

WoRTMANN, on the other hand, believed that the sense of 
thermotropism is due to a self-regulation of growth in the 
organism leading it to make this advantageous turning. The 
stem tends to plače itself in the axis of the heat rays just as in 
phototropism it places itself in the axis of the rays of light. 
To this theory we must, however, add that plant organs may 
respond to conducted heat as well as to radiant heat, since 
they turn in a direction which, although opposed to the ordi- 
nary law of growth, tends to bring the tip into its optimum 
temperature. Such a result indicates clearly that thermotro- 
pism is a response to stimulus. 

If thermotropism is a response, where is the perceptive 
region? Suspecting that it was at the apex, Wortmann de- 
eapitated the root tip, but the response occurred as before. 
Evidently the whole grovving part is sensitive to temperature. 

Thermotropism is thus seen to be such a response to the stimu- 
lus of either radiant or conducted heat that the organ — plumule. 
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radicle, flower-bud or sporangiferous hjrpha — tends to plače 
itself in the axis of the heat rays, if there are any, or to bend 
towards or from the source of heat. Whether the organ shall 
bend tovvards or frora the source of heat depends both upon the 
6xternal temperature and the protoplasm of the plant. The 
tuming is such that it will tend to keep the organ at the opti- 
mum temperature for its protoplasm, or bring it into such a 
temperature. The response is thus, on the whole, an advan- 
tageous one. 

SUMMARY OF THE ChAPTER 

There is in aH organisms a close relation between tempera- 
ture and rate of growth, such that growth is most rapid at that 
temperature at which the chemical changes of metabolism pro- 
ceed most quickly. The position of this optimum varies with 
the normal thermal environment of the race ; it is attuned, we 
may 8ay, to that normal temperature. Certain organisms or 
their parts grow in a definite direction with reference to the 
source of heat : away from the source when its temperature is 
too high ; towards the source when tlie temperature is low. 
The neutral point varies in the different species in much the 
same way as the optimum for growth varies. We may say 
that the different attunements of organisms determine their 
different neutral points. At the same tirne these responses are 
advantageous. In some way the advantageous response of 
the organism is bound up with its attunement. 
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CHAPTER XIX 

EFFECT OF COMPLEK AGENTS UPON GROJVTH, AND 

GENERAL CONCLUSIONS 

In the foregoing chapters we have examined the effect upon 
growth of various agenta considered as acting separatelj. This 
treatment has been necessarj for purposes of analjsis, but it 
bas tbe disadvantage tbat it does not reveal tbe normal 
actiou of tbese agents. For, in nature, we find many agents 
working togetber upon the growiiig organism. For example, 
gravity is constantljr acting in one direction, upon sessile 
organisms at least, and at tbe same tirne tbe cbemical cbaracter 
and the densitj of tbe surrounding medium, contact and im- 
pact, light and beat, are exerting tbeir specific influences. Tbe 
rate of growtb of an organism and the direction of growtb of 
its organs are determined by tbe resultant of some half dozen 
controUing factors wbicb, in tbeir totalitj, constitute environ- 
ment. 

Again, some of tbe factors influencing growtb are so complex 
tbat tbey are not yet amenable to analysis into tbe cbemical, 
molar, and pbysical agents wbose effects we have considered in 
foregoing chapters. For instance, the reaction of an organism 
to its ONvn activity is stili too complex an effect for us to be 
able to resolve it into its elemental reactions to pressure, cbem- 
ical cbange, etc. The effect of exercise upon growtb may con- 
sequently form a subject for special consideration. 

§ 1. The Cooperation of Geotropism and Phototropism 

When light falls from one side upon a seedling in tbe ground, 
tbe seedling is influenced by botb gravity and light, and tends 
to respond to botb. In responding to botb, tbe apex of tbe 
seedling tends to point upwards on account of gravity's action, 
and laterally towards tbe source of iUumination on account of 
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the light. As a result of this combined response tho plant 
comes to occupy an oblique position. 

The exact angle assumed by the plant is variable. It varies 
in a given species with the intensitjr of the light, and, tho in- 
tensity of the light remaining constant, the angle varicH with 
the species. For example, seedlings of Lepidium sativutn sub- 
jected to a unilateral horizontal illumination for 48 hotirs 
8liowed at diiferent intensities of the light tho following 
inclinations from the vertical (\Viehnek, 79, p. 190): — 



DUTAHCB OP f^KEIlLIKG FBOM FLAMS. 


0.25 


meter 


().;m) 




0.75 




1.25 




2.50 


" (optimi 


3.00 




3.75 





iMrLINATlOlI FMUM V BBTin A LITT. 

35 

70 
KO 
05 
35 



This table 8how8 that the inclination from vcrticality in- 
ereases with the intensity of illumination to a ccrtain inaxiniuni 
degree, beyond which it diininislieH again. ThiH niaKimum 
inclination is called the phototropic lini i t ing angle. 

More extended deterniinationH of the liiniting angle have 
been made by Czapkk ('95), who finds that it in the same for 
a given intenHity of horizontal light whether the plant in verti- 
cal or horizontal, having its a[>ex <lirected towardii the source 



of light. 
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GivijfG THE PHrrr^rTEOPic LmiTi^o A?r«#LR fo» Varioi • SreriK« or Plavt« 



Phvcoinvees nitf?n.s . 
PUobolus crvatallinus 
Vieia sativa . . . . 
A vena sativa . . . 
Phalaris canarif^nsis . 
Linam ositatissimum 
Brassica napus . . . 
I>atura stramoniuia . 
Lepidium sativum 
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The phototropic limiting angle is constant for aH cases in 
which gravitj and light act at a right angle, whether the plant 
axis be originallj placed verticallj upriglit, inverted, or hori- 
zontal. When the direction of the light ray makes some other 
angle with that of gravitj, the resulting position of the plant 
may be quite, diflferent, as Czapek ('95) has shown. 

If the light falls upon the plant verticaUy from belotv^ in such 
a way therefore as directly to oppose gravity, the resulting 
position of the plant varies according to its original position, in 
a way generally explicable on the ground that one of the two 
tropic influences has come to prevail, but with diminished 
power. Thus, when the axis of the seedling is horizontal it 
\vill, if like Avena it is very sensitive to light, turn its tip 
8lightly upwards for a time, and then definitely down. A 
slightly phototropic plant, like Helianthus, assumes its limiting 
angle of 45'' from the zenith. When the seedling is exactly 
inverted, plants highly sensitive to light grow down, but 
Helianthus places itself at 135° from the zenith, hence no longer 
at the limiting angle. When the axis of Helianthus is placed 
obliquely downwards its tip becomes inclined at 45° from the 
zenith. 

If the ray of light falls upon the plant obliquely from belotv^ 
the result on the erect, horizontal, or inverted seedling is a 
response to the active component of the light ray. The erect 
seedling is affected in the same way as by the horizontal ray; 
the horizontal seedling responds as though the light came verti- 
cally from below, and aH inverted plants plače themselves in 
the axis of the infalling ray. 

If the ray of light falls obliqiLely from above, aH plants, even 
HeUanthus, plače themselves in the axis of the ray. This is 
what might have been anticipated, since gravity affects the 
incUned plant much less than the horizontal one, and so the 
active component of the light ray is relatively more effective 
in this oblique position than in the horizontal one. 

The foregoing experiments show that, in general, the geo- 
tropic reaction is modified by the simultaneous action of light. 
I have hitherto assumed that the final position of the plant is 
the resultant of the action of two tropic agents ; that the pho- 
totropic and geotropic reactions interlock. Another cause of 
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the modified position is, however, possible. The stimulating 
action of light may interfere with the setiaibiUty of the plant 
to gravity. An early experimeiit made by Czapek seemed to 
indicate that this is the čase. A vertical plant wa8 illumined 
upon one side and then plaeed horizontaUy with the former 
illumined side facing the nadir. The geotropic curvature was. 
as might be inferred frora the experiraent described on p. 444, 
greatly retarded. The retardation of geotropisra by a pre- 
vious photic stimulation occurs, however, only in Bpecies which 
are muoh more phototropic than geotropic. That the result 
just described is not due to a diminution in geotropic sensitive- 
ness follows from two considerations : first, a plant previously 
geotropicaUy etimulated is not retarded in it8 8ubsequent pho- 
totropic response, as we should espect if the irritated state 
interfered with the reception of a new stimulua ; 8econdly, the 
retardation in response to light after geotropic stimnlation 
is most directly explained on the grouiid that a resjKtnse 
vhich is being actuaUy worked out interferes with an iiicipient 
response. 

The conclusion may. con8equently, be drawn that there is no 
reason for believing that the modified response resulting either 
from the simultaneons or successive action of two tropic agents 
is dne to an alt«rnation of geotropic or phototropic sensitive- 
ness, but rather to a modification of the response. The modifi- 
cation of the response is due to the interlocking effect or the 
mutual interference of the phototropic and geotropic reactions 
to stimuli. 

§ 2. Effect of Extest of Medicth ox Size 
The quantity to which an organism shall groiv — the size 
that it shall attain — is a speci&c character which is, \vithin 
limits, independent of the amouut of food consumed by the 
organism. In how far this character is dependent upon other 
environmental conditions is an interesting qnestion. It is clear 
that size is relative, and among other things it is related to the 
eztent of the space in which the organism can move. An ant 
can lose its way in a cage in whicli an elephant can hardly find 
room to move. The ant is small, the elephant laige, in relation 
to their common room. 
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Now it is a common observation of naturalists that there ia 
{requently a relation between the size attained by a developing 
organism and the extent of the medium in which it is develop- 
ing. Animals reared in aquaria rarelj attain the size of their 
fellow8 developing in out-of-door ponds. Even in nature, fishes 
of a given species living in small or denselj inhabited ponds 
are smaller than fishes of the same species inhabiting large or 
sparselj populated ponds. According to Semper ('74) the 
experiment was tried of transplanting the verjr small chars 
from a small lake in the Maltathal, Carinthia, Austria, where 
they were very abundant, to another lake where there were few 
fish. The transplanted chars soon became three times the size 
of the parent stock. 

In other experiments it ha« often been observed that tadpoles 
reared in the laboratory, although well fed, never attain the 
size of those living f ree. Siebold * found that Apus reared in 
a small vessel grew no longer than 7 or 8 mm. instead of 50 
or more. The pond-snail, Limmea stagnalis, has been made 
the special object of experimental dvvarfing. HoGG ('54) 
found that when confined to a small, narrow celi they ac- 
quire, even after six months, only the size of normal animals 
two or three weeks old. Hogg's conclusions no doubt ap- 
peared crude to the physiologist of the last decade. He said 
that the snail grows "to such a size only as will enable it 
to move about freely, thus adapting itself to the necessities of 
its existence." 

Semper ('74) next undertook a more thorough set of experi- 
ments upon these animals. He kept the snails in vessels con- 
taining different quantities of water to each individual, and 
found that as the quantity of water is diminished from 4000 cc. 
or 2000 cc. to 100 cc, a diminution in the rate of growth occurs. 
Increasing the number of individuals in a vessel has the same 
eflfect as diminishing the volume of water. The relation of 
volume of water per individual to length of shell at the end of 
eight or nine weeks is given in Fig. 134. This curve 8hows 
that as the volume increases from 100 cc. to 800 cc, the average 
length of the shell of the snail doubles. The result Semper 

♦ Cited from Sempbr ('74). 
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explains on the h^pothesis that water containa some substance 
iiece8sary to the growth of the snails, which becomes used up 
before fuU aize is acquired: the more quickiy, of course, the 
smaller the amnunt of water. 

Instigated by Sempek'8 esperiments YuNG ('85) now under- 
took situilar oiiea upon tadpoles. Twenty-five just-hatched 
tadpoles were put into each of three vessels, A, B, and C, contain- 
ing about 1200 cc. of water, but of different forma, ao that A, 
vhich measured 7 cm. diameter, had a depth of 30 cm. of water ; 



m 



B, vhose diameter wa8 11 cm., had 13 cm. of water; and C, 
who8e diameter waB 14.5 cm., had 6.5 cm. of water. At the 
end of one and a half montha meaaurementa were made of the 
length and the breadth of each tadpole with the following 
average reaults : — 





v-... A. 




v«..«. 


Length 


26.20 

«16 

AQgual4 


34.2 

7.8 

July23 


41.2 




JunelS 





YcNO concluded that the larger size of the animals in the 
BhalIower vvater (C) vvas due to its absorbing oxygen more 
thotoughly. 

Fiiial1y, de Varionv ('94) haa attacked even more sy8tem- 
aticaUy thia problem of effect of extent of medium on aize. Ile 
haa found that Limnieaa kept for eiglit montha in similar 
veoseU, each containing 650 cc. of water and about 500 cc. of 
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air, but differing in that one was stoppered and the other not, 
had attained about the same size (Fig. 135). Since the oxygen 
8upply of the snails in the two vessels wa8 evidentlj very dis- 
similar, YuNG^s explanation is 8hown to be inadequate. Next 
DE Varigny tested the effect of differences in volume. He 
reared Limnseas in diflFerent quantities of water, in vessels of 
dissimilar proportions, such that in ali there was the same free 
surface area of water. The differences in volume had only a 
slight eflfect on the size of the snails (Fig. 136). On the other 
hand dififerences in surface, with constant volume of water, have 
an important influence on size. The greatest growth occurs in 
the broader vessel (Figs. 137, 138). The number of individuals 
in the vessel influences the average size, as Semper found. 

To test Semper's theory that the small size of the animals in 
the small vessel is due to its having exhausted the necessary 
substance in the water, de Varignv partitioned a vessel of 
water into two unequal compartments and reared a Lymnea in 
each. One of the compartments was made by partly submerg- 
ing a test-tube, f rom which the bottom had been removed, in a 
beaker of water. A piece of muslin, tied over the bottom of 
the test-tube, permitted an interchange of water, but not the 
intermigration of the Limnseas between the test-tube and the 
main vessel of water. The latter constitutes the second com- 
partment in which the snails lived. After several months the 
individuals kept in the two vessels usually showed a marked 
difiference in size, those reared in the roomier vessel being the 
larger (Fig. 139). When, however, the two similar snails 
were kept in similar tubes plunged in beakers of water of 
unequal volume, they attained about the same size. 

A second test of Semper's theory applied by de Varigny 
consisted in comparing the growth of Limnseas in fresh water 
with their growth in water in which snails had for some time 
been developing. The snails in the latter 8howed a slight but 
nearly constant inferiority in size. It may well be that some of 
the salts neces8ary to growth had been extracted f rom the water 
by the development of snails therein, making it less fit for growth. 
Nevertheless, even the most marked dififerences in the size of 
the snails in the two kinds of water was not sufificient fully to 
account for Semper^s result by means of Semper's theory. 
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Fia 135. — Two indiTidoals of LimiMM itagnaHn, whioh liar« Ured from Maj, 1801, to 

Janiiaiy» 1802, in two flaaka nearly alike in respect to torf noe and Tolnme of water. 

In the one čase (shell at left) the flask* enoloaing 000 oc. of air, wa8 aaaled ; in the 

other čase (shell at right) the flask remained imsealed throughont the 8 montha 

of experimentation. 

(From DK Vabiont, 

'94.) 
Fio. 136. — Limnna auri- 

cularis, reared in dif- 

ferent maases of water 

having the same sur- 

faces hut diiferent 

Tolumes. The speci- 

mens, taken in order 135 

from left to right, 

were reared in vessels 

having surface areas 

of 100, 200, 400, and 

fiOO cc. re«pectiTely. 

Experiments eztended 

from 15 November to 

5 April. (From dk 136 

Varignt, 'W.) 
Fio. 1.77. — LimnsBa stag- 

nalis. The individnal 

at the left lived from 

18 November to 20 

April in a liter of 

water having a snr- 

f ace of only 2 rm.diam- 

eter; that at the right 

lived diiriog the same 

period in an equal vol- 

ume of water having 

a sorfare of 18 cm. 

diameter. (From DE 

VABIOJfT, •94.) 

Fio. 1.3K. — The UmnsMi 
stagnalis at the left 
lived from 21 Novem- 
ber to 6 4anoar7 in 
IXA cii. of wmter hav- 
ing a sorfare of Z Ji cm. 
diameter; that at the 
1eft.somewbat larger, l.>j 

lived doring this pe- 
ri<rf io «ii)cr. of war^tr having a snrfaMk of W5 rm. dlam^t^, (frr^m ^« Va w«^T. 

F*o. lar*. — Iimn»a I IitH frf*m I* 5/*veTOh*T U, .'r April la a rla*« wUWAt a h^f/.w 
(aipaeftj 2no^.». «aApi»ndM in the h«ak^ '''•»piffltf ««r» <"*-.,. in wh>fc 2 li-r«*! 
Lfannva Z Mt^hI fremt V* Jtf*^t(mVtf.r trt 7 f »hmarT in % tu h*. «n«v*nd*d \n % -fm^l 
\m whirh 4 va« t^^r^A. I.ima»* T, livH fr/Mn *« Apr:: v. M iin« \n a tnh^, m^ 
^tmiftd in the Teasel ia whi<*Ji « Uved. /FrM» ml \Amtnmr, 'M-; 
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The conclusion to which de Varigny arrived was that the 
nanism provoked in the small vessels is caused by a diminutiou 
of movement and consequently of exerci8e, for in the restricted 
medium the movements are fewer and slighter, since the food is 
near at hand. Also, the snails will exercise more in a body of 
water with a broad, exposed surface than in a narrower one, 
because they crawl so much on the surface films. 

This interpretation is sustained by aH the results excepting 
those obtained from a varying number of individuals in masses 
of water of the same volume and form. The fact that the 
individuals grow larger the fewer they are, may be accounted 
for, thinks de Varigny, on psychological grounds ; for, in the 
crowded room, movements will be restricted from very much 
the same cause that makes one move less rapidly in a street 
containing impediments than in one which is quite clear. 

It may well be doubted whether the bottom of this matter 
has yet been reached. Probably nanism is produced by several 
causes : such as insufficient supply of mineral constituents in 
the water, especially of calcium salts, products of excretion in 
the water, and exercise. There is, however, much reason for 
believing that Hogg's conclusion is one which, with our fuUer 
knowledge, we can hardly improve upon — that, ih respect to 
the size attained as in other qualities, the snail has the power 
of "adapting itself to the necessities of its existence." 

§ 3. General Considerations relating to the Action 
UPON Growth of External Agents 

1. Modification of Rate of Growth. — Protoplasm is composed 
of three kinds of substances: the living plasma, the formed sub- 
stance, and the watery chylema. Accordingly, growth involves 
three processes : that of the formation of new plasms, asBimila- 
tlon; that of the manufacture of formed substance, secretion; and 
that of the absorption of water, imbihition, Anything which 
affects these three processes will affect the rate of growth. 

The action of external agents upon the rate of growth is of 
t\vo general kinds. There is, first, the general effect ; and, 
secondly, the specific efifect. The general effect is more or less 
similar in ali protoplasmic masses (organisms) subjected to the 
agent ; it is the result of some immediate and nece8sary modifi- 
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cation of the protoplasm depending upon its very structure. 
This general effect may be of two sorts : a grosser mechanieal 
one and a more refined. The groBser general effect is seen in 
the osmotic action of dense solutions ; in the elongation of an 
organ con8equent upon pulling it \vith a considerablo force ; in 
the interference with vital actions by poisons, by intense light, 
or by high temperatures. The more refined general effect is due 
to the acceleration of growth by the acceleration of the esnon« 
tial metabolic processes involved in growth ; henco conie the 
effects, within limits, of favorable foods, of electricity, of 
radiant energy, and of wannth. We ean exphiin the effoct of 
8uch refined agents by known ehemieal la\v8. 

The grosser and the finer eflfects pass over into each othor at 
certain intensities. Thus the acceleration of growth pnMluced 
by summer temperature passes over at a higher temperaturo 
into the gross retardation due to coagulation. 

The specific effects^ in contradistinction to the general, appear 
only in certain organisms or their parts, and have no HU(^h evi- 
dent and explicable relation to the cause as the general eiTec^tN 
have to their causes. Such is the increaned growth reHulting 
from certain slight poisons, from the deformations of the stems 
of certain plants, from a wound which Icaves a dcjfect to l)0 
filled by growth. These effects cannot at present be accoiintiMl 
for 8atisfactorily by known ehemieal proccHHCH ; they reHult 
from peculiarities of the specific protoplasms which de]M;nd 
largely upon the past hi8tory of eiu^^li kin<l of protoplaHiii. 

The same agent may have at diiTerent intensities, at oni; titiie, 
the specific ; at another, the general eflfect. Tliiis the sliglit pull- 
ing of the stem of a seedling may induce the specifir Mliort«?ning 
effect, whereas a stronger puli will canm a groMs elongation. 

The gross general effect, the refined g<;nenil eff«M!t, and the 
specific effect form a series of results broiight aboiit by pro- 
cesses which are quite intelligible in the first cnAtu miuh mor«? 
complex in the second, and stili further removed from our k«*n 
in the last ; we might s[>eak rouglily of th<*s^; f^iivdH as dii«? to 
physical, chemicaU and vital pnKM?Km»H n?Mjx?(rtively, withoiJt 
meaning to implv a qualitative difr«fn?nce liiftw«f<!n tliesi* pn>- 
cesses. The most complex of ih^m three prmreHHifH inay aln^i 
be designated as resp<jnse U) stimulus. 
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Let iis now consider tbe mechanics of the acceleration of 
growth by various agente. The mechanics of the efifect of 
food on growth varies of course with the food ; some supplj- 
ing the energj or the material for assimilation, other kinds 
furthering secretion, and stili others going to build up the 
molecules which do the work of vital imbibition. Whether 
the poisons which, like zine sulphate, stimulate growth affect 
chieflj the assimilatorj or the imbibitorjr process, is unknown; 
but the slowness of the result suggests a modification of assimi- 
lation. The effects of water and of solutions seem to be chieflj 
upon imbibition; that of deformation and wounding chieflj 
upon assimilation ; that of electricitj is uncertain ; that of 
light is probablj chiefly upon assimilation; and that of heat 
upon imbibition. These conclusions are, however, tentative; 
experiments are needed to test them further : this is one of the 
next tasks in the investigation of growth. 

2. Modification of Direction of Growth — Tropism. — The 
tropic effect of an external agent occurs only when the agent 
does not act uniformly from aH sides upon the growing organ- 
ism, but constantly from one side. Hence this efifect will be 
marked only in organisms which for a considerable period 
present the same surface to the action of the agent. Such an 
effect is characteristic therefore of sessile plants and animals. 

The turning of an organ with reference to an external agent 
may be either a gross efifect or a specific response efifect of the 
agent. As examples of the gross efifect may be cited the cases 
of false traumatropism and false electrotropism, in which the 
turning is due to the death or injury of the tissue on the con- 
cave side of the organ. AH cases of true tropism are cases of 
response to stimuli : such are, chemotropism, hydrotropism, 
thigmotropism, traumatropism, rheotropism, geotropism, elec- 
trotropism, phototropism, and thermotropism. 

The mechanics of these tropic responses may now be briefly 
considered. In general the tropisms are growth phenomena, 
for they are due to enlargement of the bending organ on one 
side. The growth seems to be due either to assimilation or 
imbibition, or both, secretion playing no part. It is not easy 
to say whether in any čase assimilation or imbibition is the 
more important. An inference can be drawn, however, from 
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the quickneBs of response. for growth by imbibitioii is more 

rapid than that by assimilation. AUo a histological Btuily of 

the curving region shouid throw light upon thifl queHtion. 

AmoDg the rapid tropisms are chemotroiiism, especiall/ ofl 

BeeD in the tentacles of Drosera and in poUen-tubeo, an<l thig- 

motropism, ae exhibited in tendrils. Such aru probAbIy due 

to differential imbibition. Among bIow tropiHniH aro hydro« 

tropism and rheotropism, 

which are probably due 

largely to differential as- <P ' 

similation. Traumatro- 

pism, geotropinm, and the 

respoDse to radiant en- 

ergy, namely, electrotro- 

pism, themiotropiem, and 

phototropism, are inter- 

mediate in their rate. and 

are probably due to tlie 

combined action of aiu<iin- 

ilation and imbibition. 

Sectioos through the 
responding region ithovr 
the importance of imbi- 
bition in eertain tropiHinti, 
as, for example. geotr**- 
piam. In such Mrctionn it 
is seen that the ckIIm on 
the conveit »ide are <;ri- 
larged in ali axtr% and fall 
of water, wliile littrne of , 
the concave ttide ar>; com- 
pressed iMt tliat the 'MU 
are nhoved into onf; an- 
oilier. are iliiuini-Hbt^i in 
Bize. and liavi: a d^riM; 
plastnaCFi:^. Hf)_t. .\t;.(j- 

ical »et 'if !a*^1'lt-.1U''.tifM •rt-m,' <rm<HAHi. ii, 

of th« dir/ifTi.<ii',(i '.i tb»r 'MU in Mu- Kitvitf/ fv.""'- •• 
irith Domta] '*ii*, i* giv^ri \ty '.ikaikijiKI ("»'i) m f'«JI«/i 
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Cells of convex side . . 
Cells of concave side . . 
Cellfl in normal condition 



Lknoth. 



0.125 miiL 

0.020 

0.099 



Brbadth. 



0.045 mm. 

0.025 

0.035 



Thiokkkss. 



0.042 mm. 

0.026 

0.032 



The importance of imbibition for geotropism is also 8hown by 
the experiment of cutting a slice off from the upper part of the 
horizontal root, which then curves only slowly ; whereas, if 
the cut surface is placed down, the curving takes plače with 
abnormal rapiditj. 

It being admitted that tropisms are, for the most part, 
largely, if not chieflj, due to differential imbibition, the que8- 
tion arises, How can this produce a turning ? It is easy to see 
how it might be possible in the čase of a multicellular plant, 
but tropism also occurs in animals ajid unicellular organs, as 
e.g, the hjphae of Mucor. It lias been suggested, to meet this 
difficulty, that the unequal growth affects primarily the cell- 
walls ; but this explanation does not quite meet the čase of 
hydroids. A general statement, applicable to multicellular 
plants and animals and to unicellular organs, may be made, if 
the cell-wall be recognized as living, as follows : The imbibi- 
tion distends the living substance on the convex side, the 
water probably being in part dravvn from the concave side. 

Going a step farther, the tropic agent produces such a 
change in the molecules of the curving region as to cause them 
to imbibe water with abnormal rapidity. This change may, 
however, be produced by the agent either directly or indi- 
rectly. In ali cases in which the sensitive pai-t of the organ 
becomes the curving part, the action of the agent is direct. 
Examples are found in the thigmotropism of tendrils, in the 
phototropism and thigmotropism of stems, and, probably, in 
traumatropism. In cases in which the curving part is remote 
from the sensitive part, as in geotropism, the action of the 
agent is indirect. In these cases there must be a transmission 
of a stimulus from the sensitive part (the tip) to the respond- 
ing part, producing the required molecular change there. 

Concerning the nature of the changes induced by the tropi- 
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cally stimulating agent, we have recently gained valuable data 
from the studies of Czapek ('98). He lias found that the 
43timulated protoplasm, for instance, of a geotropic radicle 
exhibits no visible movements or negative electrical variation, 
as in the nerve cells of animals, but does exhibit a ehemical 
change. Tlius, when the root tip of the seedling of a bean or 
other speeies is boiled in a solution of ammoniacal silver 
nitrate, there is a marked reduction of the silver, espeeiallj in 
the cells of the periblem. This reduction is stronger in the 
cells of stimulated root tips than in those of unstimulated 
ones. A second change consists in the diminution in the 
amount of a substance of the root tip which easilj loses oxy- 
gen. Such a substance is indicated by such changes as these 
in the normal root tip : blue coloration (oxidation) of a sec- 
tion of the tip \vhen placed in an emulsion of guuiac gum in 
water ; deep blue coloration of sections by indigo white * ; 
43trong violet reaction (indophenal reaction) in sections sub- 
jected to an aqueous solution of a-naphthol to which paraphe- 
nylendiamin has been added. No\v aH such reactions are less 
marked in the root after stimulation. \Ve conclude that stim- 
ulation results in increased capacity for reduction and dimin- 
ished capacity for oxidation — an increase in the avidity for 
oxygen. 

These changes occur long before the response of tuming 
shows itself ; they occur earlier in the non-sensitive roots, 
and they are less marked after a slight stimnlus, such as 
results from a slight inclination of the root from the vertical 
position. 

The isolation of the two substance«, the reducing and the oxtdt7ing, wa8 
now atteropted. The fornier is not changed hy l)oilin^ or hy the action of 
chloroforin, and is soluble in alcohol; the latter is destroved by heat, is 
unchanged by chloroform, is in.soluble in alcohoK and may )ie extracted 
from the triturated cells by water. A large number of root tips of Vicia 
faba were mbl^erl up with water until no fragrnents reinain*»d Tliis a^pie- 
ous extract wa.s filtered, and to the filtrate alcohol was ad<lM. A precipi- 
tate occurre<l, which had ali the properties of the oxi<Iizing sub^^tance. It 
is highly probable that it belongs to the category of oxidati<>n {*iTint*uXn. 



* Thifl is made by the cautious reduction of indigo carmine by dilute hy<lro- 
chloric acid and zine 
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To get the reducing substance, the preceding solution was filtered to 
eliminate the alcoholic precipitate. The filtrate had ali of the qaalities of 
the reducing substance. A f urther studj of its properties indicated that it 
belongs to the aromatic organic substances, many of which have an intense 
reducing action and are hence used in photography. 

We may conclude that geotropic stimulation of the root tip 
induces chemical changes leading to the inerease of a reducing 
substance of aromatic nature, and to the diminution in amount 
of an oxidizing ferment. 

3. Adaptatlon in Tropisms. — The capacity for bending is 
usuallj associated with an advantage accruing to the part by 
that bending. Thus, the upward tropism of the steni and the 
downward tropism of the root; the positive phototropism of 
the stem and the positive thigmotropism of the root and of 
the climbing Dodder; negative traumatropism ; and positive 
and negative thermotropism, depending upon whether the 
source of heat is of a less or greater temperature than the opti- 
mum — ali these responses tend to preserve the normal envi- 
ronment for the organism ; they are adaptive. At least one 
tropic response cannot be shown to be advantageous, namely, 
electrotropism. Electric currents of such intensity as roots 
respond to certainly do not exist in the soil. The response has 
no conceivable advantage in the ordinary life of the plant, and 
yet it occurs with as much precision as does a response to light 

' or heat. If only there were, in the ground, such electric cur- 
rents as we apply to the plant, we might be able to show an 
advantage of the response in this čase also ! 

4. Crltical Points in Tropism. — It has been shown repeat- 
edly in the foregoing chapters that the sense of tropism 
depends upon the degree of the stimulating agent. Thus 
Mucor stolonifer is strongly positively chemotropic with refer- 
ence to 2% cane sugar ; becomes less so as the concentration 
approaches 30% ; and is negatively chemotropic to a 50% solu- 
tion. So, likewise, the radicle of Zea mais is 

4- thermotropic at 12**- 36** 
± thennotropic at 37''- 38** 
— thermotropic at 40**- 49°. 

In these cases, as in the tactic phenomena, there is recognizable 
an optimum intensity of the agent, to which the organism is 
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attuned, so that, if the intensitj rises above that optimum, neg- 
ative tropism will occur, and, if the intensity falls below that 
optimum, positive tropism may be expected. This optimum — 
this intensity to which the organism is attuned — differs, how- 
ever, in different species. Thus, according to Wobtmann, as 
we have seen, the turning-point of the radicle is for — 

Zea mais, 37**; 

Ervum lens, 27**; 

Phaseolus multiflonis, below 22^. 

But why is the turning-point so diflferent in different species, 
or why are species attuned to different intensities ? This dif- 
ference is for the most part more or less clo8ely correlated with 
the usual intensity of the agent to which the gro\ving organ- 
ism is subjected. To certain minds the phrase "Natural Selec- 
tion " will be considered sufl&cient to stifle f urther inquiry ; 
the known facts of self-adjustment, however, have thrown the 
burden of proof that Natural Selection has acted in any čase 
upon those who assert it. Meanwhile we may seek for a 
cause more consistent with sound phy8iology. 

In the first plače, the facts of " after-effect " may be consid- 
ered. It has been 8hown, with reference to the effect of many 
of the agents considered, that this effect does not endure only 
so long as the agent acts, but that it persists for a longer or 
shorter period after the stimulus has ceased to be applied. 
Thus, if a stem is placed horizontally, so that gravity stimu- 
lates it and causes it to grow up, and it is then placed verti- 
cally, the growth continues for a time in the former (now hori- 
zontal) direction ; or, a horizontally placed root, decapitated 
after the lapse of one hour, curves geotropically, whereas a 
root placed horizontally and decapitated at once does not do 
so. Again, if a tendril is irritated by contact and the irri- 
tating body is then removed, a tliigmotropic curvature of as 
much as 45° may occur. Stili again, in an experiment of 
Darwin ('81, p. 463), a seedling of canary grass was placed 
before a windo\v for nearly t\vo hours, during which the coty- 
ledon turned towards the glass ; the light was now cut off, but 
the cotyledon continued to bend in the same direction for one- 
fourth to one-half an hour. It was kept in the dark for an 
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hoiir and forty minutes (during which time it acqmred an 
upright position through the action of gravity), and then 
exposed again to diffuse light from one side for an hour, 8how- 
ing the phototropic curvature. Light was now excluded, but 
the cotyledon continued to bend for 14 minutes toward8 the 
windo\v. In these experiments there was a persistence of the 
response to light after light had been cut off. Finally, if a 
plant organ, which has been growing slowly at a low temper- 
ature, is quite rapidly subjeeted to the optimum, the inereased 
growth is slow in making its appearance ; it may be delayed 
for an hour or two. 

What is the significance of this af ter-effect ? It seema 
clearly to show that an agent aeting on protoplasm not merely 
modifies the constitution of the protoplasm, but produces a 
change which is more or less permanent, and is only slowly 
obliterated upon removal of the agent, or becomes only slowly 
overshadowed by a new stimulus. This permanency of the 
change wrought permits the acacmulation of extremely slight 
effects. An instance of such accumulation is seen in tendrils^ 
which exhibit no response to a single soft blow but show evi- 
dent thigmotropism to a series of such blows. 

When, however, the repeated stimuli are each great, it is 
not an accumulation of eflfect which is noticed, but rather 
an absence of any response whatever. Then appears the phe- 
nomenon of acclimatization^ or accustoming to the stimulus. 
Examples of this have been given in the foregoing chapters. 
Thus, in the čase of thigmotropism, Darwin found that 
after repeatedly stimulating the tendril of the passion flower 
(twenty-one time^ in 54 hours), it responded only slightly. In 
the čase of traumatropism, Darwin ('81, p. 193) observed 
that the radicle, to one side of which a card had been fixed by 
shellac, eYentually became so accustomed to the stimulus that 
it no longer bent away from it, but grew vertically downwards. 
In the čase of phototropism, Wiesner noticed that after a 
growing organ had been for some time subjeeted to daylight» 
its growth was less markedly controlled by a unilateral illumi- 
nation. 

Any general explanation of acclimatization, whether of meta- 
bolic or of growth processes, to repeated irritants must, at the 
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present tirne, be hypothetical. The attempt to picture to our- 
selves the probable processes whieh bring about this condition 
should, nevertheless, be undertaken. It is generally accepted 
that a stimulus of any kind produces a chemical change in the 
protoplasm, and this leads to a change in the activitjr of the 
protoplasm — the response. The diflferent kinds of stimuli 
usualljr induce diflferent kinds of responses, and this is probably 
because each kind of stimulus aflfects a particular kind of mole- 
cule — a kind eapable of being transformed by the stimulus in 
question. If we assume that the reeeption of any stimulus is 
due to the transformation of a specific kind of molecule eapable 
of being acted upon by the stimulus in question, then it is not 
difficult to see how, by repeated, violent stimulations of the 
same kind, nearly aH of the molecules upon which sensation 
depends should beeome transformed, so that, thenceforth, the 
protoplasm should be incapable of receiving that kind of 
stimulus until sueh time as the sensitive substance shall have 
been reproduced. Let us imagine 100 molecules (aj, a^, a g, a^ 

— ^98' ^99' ^loo) ^^ ^^^ ^^^^ ^^V^ which are eapable of being 
decomposed by daylight and as a result setting in motion a 
series of changes resulting in the phototropic response. Let 
us imagine that the irritation of light during the first half hour 
decomposes 50 of them ; during the second, 25 of the remain- 
der ; during the third, 12 of the remainder, and so on ; then» 
eventually, the sensation will grow weaker if the substance is 
not rene\ved, so that the response will diminish in intensity 
and finally fail altogether. Then we say the organ is accli- 
mated to the reagent, for the application of the agent produces 
no response. 

This explanation of acclimatization to violent agents may 
now be easily extended to cover the čase of attunement. Let 
us imagine a plant \vhich, living in the dark, is negativelv pho- 
totropic to ordinary daylight. It is attuned to a lo\v intensity 
of light. If, however, the plant comes gradually to clmnge its 
habitat so that it is repeatedly subjected to the sunlight, then, 
as a result of repeated stimulation, those sensitive molecules 
which are aflfected by the light are destroyed, so that the plant 
no longer turns from the light. It is attuned to it. The siime 
theory, mutatis mutandis^ will account for attunement to tem- 
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perature or to chemical agents. It is to be observed that this 
hjrpothesis is not an hypothesis to accoimt for response to stimuli 
or of the usual adaptive nature of that response ; but to account 
only for that phase of "adaptation " which is seen in attunement. 
The hypothesis is an attempt to explain an adaptive result 
independently of selection, but rather as a necessary result of 
the constitution of protoplasm. 

The adaptive acclimatized or attuned condition may be in- 
herited. It has been shown that the accUmated condition 
may long persist, only eventually apparently disappearing. It 
may well be doubted, however, if the acclimated protoplasm 
ever returns exactly to its primitive condition. If it does not, 
progeny developed from the acclimated protoplasm will neces- 
sarily be different and respond diflferently from their parents. 
Individual attunement will initiate a race attunement. 
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222. 
Arthropoda, effect of varying density, 

81, 82 ; salt absorption by, 88 ; posi- 

tively electrotactic, 147. 
Ascaridae, 8trychnin, 26. 
Ascaris, sodic carbonate, 13 ; sodic hy- 

drate, 13 ; pbenol, 19 ; hydrocyanic 

acid, 10. 
Ascidia, thigmotropism, 382. 
Asellus aquaticus, acclimatization to 

changing den8ity, 86. 
Ash, of organisms, 295, 206; of dog 

and dog's milk, 303. 
AsKBNAST, latent period, 460. 
Asparagin, chemotaxis toward8, 38. 
Aspergillus, nitrogen f ood, 308. 
Atmospheric pressure and growth, 368 ; 

electricity, 408. 
Atropin and protoplasm, 24. 
Azoimid, effect on protoplasm, 7. 

Bacilli, calcic oxide and caustic potash 
poisonous to, 13. 

Bacillus ramosus, growth in colored 
light, 430 ; critical points, 454. 

Bacteria, effect on, of ozygen, 2, 168 ; 
ozone, 3 ; potassic chlorate, 4 ; sodic 
chromate, 4 ; carbonic disulphide, 
12 ; organic acids, 13 ; potassic car- 
bonate, 13 ; salts of heayy metals, 
14 ; diamid, 16 ; formaldehyde, 21 ; 
chemotactic, 33, 45 ; towards oxy- 
gen, 34 ; inorganic salts, 36 ; alcohol 
and glycerine, 37 ; to determine iso- 
tonic coefficients, 74 ; acclimatiza- 
tion to density, 86 ; tonotazis, 90 ; 
effect of violent shaking, 99, 371 ; 
of light, 169, 171, 174 ; dark-rigor, 
175 ; change of light intensity, 178 ; 
light-rigor, 178 ; cold, 241 ; growth, 
288 ; nitrifying, 299, 308-312 ; food, 
324, 325 ; growth in light, 430 ; heat 
and growtb, 452 ; critical tempera- 
tures, 454-457. 



Bacteriam termo, chemotaxis, 32, 38. 
Balanus larvae, chemotaxis, 198. 
Baranetzki, negative phototaxis, 185 ; 

response of Myxomycetes to light, 

202 ; effect of puUing on growth, 

372. 
Bark extract, attracts Myxomycetes, 

38. 
Bamacles, respond to shadow, 179. 
DE Bary, light and seed germination, 

420. 
Bases, effect on protoplasm, 13. 
Bassler, nutrition of plants, 299. 
Bastit, geotropism, 398. 
Bateson, geotropism, 397. 
Baudrimont, rdle of water in growth, 

284. 
Baumann, iodine and growth, 367. 
Bean, effect of changing density, 367 ; 

traumatropism, 384. 
Beclard, colors and growth of fly, 

432. 
Beetles, geotaxis, 118. 
Beggiatoa, negative phototaxis, 184. 
Benecke, Solutions for fungi, 302 ; p«^ 

tassium and growth, 318 ; rubidium 

and csesium and growth, 320 ; mag- 

nesium and growth, 323. 
Benzenylamidoxim, poison, 15. 
Benzol deri vati ves, chemotaxis toward8, 

38. 
Bernard, chloroform on protoplasm, 9. 
Bert, effect of dense solutions on fish, 

79, 80, 82 ; acclimatization to den- 

sity, 86 ; dark-rigor, 176 ; range of 

visible spectrum in animals, 203; 

effective rays in phototaxis, 203; 

oxygen and plants, 305; effective 

rays in plant growth, 428 ; green 

rays and growth, 435. 
Berthelon, electricity and plant 

growth, 406. 
Berthelot, nitrifying organisms, 308 ; 

enrichment of fallow ground, 310. 
Beudant, acclimatization to density, 

85. 
Beterinck, food of Amoeba, 328. 
Bezold, water in animals, 58, 295. 
BiALOBLOCKi, heat and growth, 461. 
Biedermann, electdc response of 

muscle, 133. 
Binz, theory of arsenical poisoning, 

4, 5; effects on protoplasm of halo- 
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gens, 4 ; strjchnin, 25 ; qai]iine, 26 ; 

acclimatization to anenic, 28. 
Birds, effect of temperature on growth, 

450. 
Bismuth, effect on growth, 814. 
Blasius, compression-rheostat, 127 ; 

electric irritation, 139 ; electrotaxis, 

147-149. 
Blood-corposcles, to determine isotonic 

coefficients, 73 ; effect on, of densitj, 

76 ; and molar agents, 99. 
Blunt. 8ee Downe8. 
Body, composition, 294. 
BoBR, gold chloride, 46. 
BoKORNT, hydrogen perozide a poLson, 

3 ; ammonia, 6 ; nutrition of plants, 

299. 
BovARDi, minimum temperature for 

bacteria, 241. 
BoRODiN, light and chlorophyll arrange- 

ment, 187 ; light on spores, 424 ; 

effcctive rays in fern growth, 432. 
Boron, and growth, 314. 
TEN BoscH, quinine and protoplasm, 

26. 
BouRNE, scorpions acciimated to own 

poison, 28. 
BoussiNGAULT, frec nitrogen as food, 

310. 
Braem, heat and cold on statoblast«, 

425. 
Branchipus, heat and growth, 458. 
Brandl, fluorine and growth, 317. 
Brassica, light on growth, 428. 
Braubr, enry8tnient, 256. 
Brefeld, light and growth of toad- 

stools, 420. 
Bromine, and protoplasm, 4 ; and 

growth, 316. 
Britnchorst, electrotropism, 409-412. 
Bryonia, light and growth, 419. 
Bryozoa, desiccation of, 65 ; thigmo- 

tropism, 382. 
BrciiNER, toxic protein compounds, 

22 ; chemotaxi8, 33 ; light and bac- 

teria, 172; movement and growth, 

371. 
Bufo lentiginosus, acclimatization to 

heat, 253 ; heat and growth, 457-460. 
BrNGE, iron and growth, 321-323. 
Bt*TftCHLi, ency8tment, 256. 
Butyric acid, chemotazis toward8, 38. 

BCXT0X. Ste RiNGER. 



Csesium and gT0wth, 320. 

Calcium and gT0wth, 320. 

Caldani, frictional electricitj and 

growth, 132. 
Calliburces, heat and protoplasmic 

movement, 227. 
Calmette, immunization, 30. Stt also 

Ehrlicu. 
Campbell, temperature and proto- 
plasmic irritability, 230. 
de Candolle, heat-rigor, 231 ; coKi* 

rigor, 240, 241. 
Cannon, phototazis of Daphnia, 203, 

204. 
Carbon. as food, 306; oxide of, and 

protoplasm, 6. 
Carbonic disulphide, and protoplasm« 

12. 
Carcinus, absorption of salt, 88. 
Cardium edule, acclimatization to 

density, 86. 
Camin, cheniotaxis toward8, 38. 
Cassis, acciimated to sulphuric acid, 28. 
Castle, acclimatization to contact, 

108 ; to heat, 253. 
Cat, light on growth of, 426. 
Catalytic poison, action of, 7-9. 
Celi, electrified air and plant growth, 

408. 
Cell-division and growth, 287. 
Celli, food of Amceba, 328. 
Certes, desiccation of Ciliata, 65. 
Chameleon, pigment response to light« 

192. 
Chara, and caustic potash, 13. 
Charpentier, cocaine and protoplasm, 

24. 
Chastaign, oxidizing action of light, 

162. 
Chemical agents, effect on vital ac- 

tions, 1 ; acclimatization to, 27 ; and 

gro\vth, 203. 
Chemotaxi8, 32-54. 
Chemotroplsm, 335 ; in insectiroroua 

plants, 3.35 ; of roots, 336 ; of pollen- 

tubes, 337 ; of hyphae, 340 ; of con- 

jugation tubes of Spin)g>'ra, 342. 
Chick, water in growth of, 286 ; elec- 

tricity and growth of, 405 ; heat and 

prowth, 450. 
Chilomonas, phototaxis and photo- 

pathy, 183. 
Chlamydomona8, thigmotazis of, 106. 
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Chloral hydrate, i>oi8on, 10. 

Chlorine, poison, 4 ; effect on growth, 
316. 

Chloroform, action on protoplasm, 9, 
10. 

Chlorophyll, effect of light on position, 
180; temperature and movements, 
226. 

Chmulbvitch, heat-rigor, 232. 

Chodat, electricity and plants, 407. 

Chromic acid, as poison, 3, 4. 

Chytridlum, phototasis, 183. 

CiBNKOW8Ki, phototaxi8, 183. 

CiEsiELSKi, traumatropism, 384 ; geo- 
tropism, 393, 394 ; after-effect, 401 ; 
tropism, 481. 

Cilia, effect of den8ity on movement, 
77 ; electric stimulation, 146 ; tem- 
perature, 227. 

Ciliata, effect on, of oxygen, 3 ; hydro- 
gen peroxide, 3 ; chloroform and 
ether, 10 ; 8trychnin, 26 ; chemotaxi8, 
33 ; of saline lakes, 65 ; density ef- 
fect, 76, 78, 86 ; phototaxi8, 187. 

Clark, oxygen, 2. 

Cobra poison, 30. 

Cocaine, effect on protoplasm, 24. 

Cockroach, geotazls, 118 ; thermotaxl8, 
261. 

Coelenterata, electric response, 137 ; 
phototaxi8, 194. 

CoHN, phototaxis, 202 ; heat and proto- 
plasm, 225. 

Cold, 242 ; resistance to, 246 ; extreme, 
248 ; acclimatization, 257. 

Cold-rigor, 239. 

Colored light, 432-436, 440, 441. 

Crab, copper in blood of , 324. 

Critical temperatures, 460. 

CaivELLi, food of Amoeba, 328. 

Crustacea, density, 79, 81 ; optimum 
temperature, 468. 

Cryptogams, water and growth, 350; 
geotropism,378; thigmotropism, 381. 

Cryptomona8, chemotaxis, 33. 

Ctenophora, inorganlc food, 303. 

Cucurbita, moisture, 352. 

CuBNOT, temperature and growtb, 458. 

Curare, Amoeba, 26. 

Cyphoderia, molar agents, 100. 

Cytotaxis, 52. 

CzAPEK, phototropism, 471; tropism, 
482, 483. 



CzBRVT, den8ity, 75, 76, 78, 86. 

Dallinobr, heat and Infusoria, 252- 
256. 

Danilew8kt, cocaine, 24; lecithin, 
330. 

Daphnia, phototaxis, 203-206. 

Darembrat, blood serum, 22. 

Dark-rigor, 175, 176. 

DARWiir, C, insectivorous plants, 99; 
chemotropism, 335; hydrotropism, 
357; tendrils and twining, 377; thig- 
motropism, 379, 380, 383; trauma- 
tropism, 384-386; geotropism, 394; 
phototropism, 441, 485. 

Darwin, F., moisture and growth, 252, 
geotropism, 897. 

Dat 18, desiccation of rotifers, 62, 63. 

Dat, uitrogen, 312. 

Death, 1; by poisons, 2-24; desicca- 
tion, 60-65; density, 80-83; light, 
171-175; heat, 231-249; limits, 27&- 
277. 

Dehnbckb, gravity, 113. 

Deherain, temperature and secretion, 
223. 

Demoor, oxygen, 2, 3 ; hydrogen, 5, 6 
ammonia, 6; o:ddes of carbon, 6 
chloroform, 9; paraldehyde, 21 
cold-rigor, 241. 

Density of the medium, effect on pro- 
toplasm, 70-93 ; on growth, 362- 
369. 

Dermant, heat-rigor, 239. 

Dero, fisslon and density, 365, 366. 

Desiccation, protoplasm, 59 ; rigor and 
death, 60, 61; acclimatization to, 65. 

Desmids, phototaxis, 183. 

Detlefsen, hydrotropism, 257; trau- 
matropism, 384. 

Dewitz, chemotaxis, 37; thlgmotaxis, 
106, 107. 

Diamid, poison, 1, 16. 

Diatoms, effect on, of chloral hydrate, 
10; hydroxylamine, 15; ethylalde- 
hyde, 21; phototaxis of, 184, 199; 
Silicon food of , 324. 

Differential threshold stimulation, 43. 

Difflugia, molar agents, 101. 

Dionsea, response to contact, 99. 

Dioscorea, light, 419. 

Dodder, twining, 377, 484. 

DoGiEL, curare, 26. 
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DogB, i>ota88iam and growth of , 819. 
Dolium, and sulphoric acid, 28. 
I>owMS8, analytic effect of light, 163 ; 

bactericidal effect of light, 171-173. 
DoTŽRE, desiccation, 62 ; heat on 

Rotifera, 265. 
Dragon-fly larvse, electric stimulation, 

137. 
Draper, assimilation in plants, 166. 
Driesch, phototaxi8, 202 ; gTowth, 

282 ; geotropism, 400 ; phototropism, 

443. 
Drosera, organic acids, 13 ; thigmo- 

tazis, 90 ; thigmotropism, 383, 481. 
Dro8ophyllum, and contact, 09. 
Drjness and protoplasm, 69, 60. 
Drtsdale, heat and protoplasm, 256. 
DrBOis, response to light, 207. 
DucHARTRE, hydrotropi8ni, 266. 
DucLAUz, Chemical effect of light, 162, 

163 ; election of food, 333. 
DcTROCHET, molar agent«, 100 ; tem- 
perature on protoplasm, 225 ; accli- 

matization to heat, 252 ; twining, 

377. 
Duvalia, germination, 424. 

£arthworm, nicotin, 24 ; phototaxLs, 

203. 
Echinodermata, nicotin, 24 ; den8ity, 

79 ; electric current, 137 ; phototazis, 

194 ; light on growth, 434 ; optimum 

temperature for growth, 458. 
Echinoids, strychnin, 26. 
£dwards light on growth, 425. 
Effective ray8 in growth, 427-436 ; in 

phototropism, 440. 
Egg, food materials in, 303 ; phospho- 

rus, 313 ; iron, 322 ; electricity, 403. 
Ehrenberg, heat, 251. 
EuRLicH, ricin, 31 ; acclimatization to 

poison, 32. 
Electricity, 126 ; protoplasm, 129-153; 

electrotaxi8, 140-151 ; growth, 405- 

414 ; electrotropism, 409-414. 
Electrotaxi8, 140-151. 
Elfving, chloroform, 9 ; light, 174 ; 

gravity and growth, 391 ; geotro- 

pism, 398. 
Embryo8, phosphorus, 314 ; light, 417, 

418. 
Emert, salt absorption, 88. 
Ency8tment, 256. 

2k 



Ehoblm ANN, chemotaxi8, 82, 84 ; den- 
8ity, 86 ; electricity, 180, 132, 186 ; 
bacteria and spectrum, 168 ; dark- 
and light-rigor, 176, 178; changing 
light inten8ity , 179 ; phototazia, 182, 
183, 187, 202, 207; retinal move- 
ments, 193 ; photopathy and Chem- 
ical agenta, 201 ; temperature, 227, 
231. 

Entomostraca, den8ity, 81. 

Entz, photopathy, 188. 

Ephydra, acclimatization, 28. 

Epistrophe, 190. 

Epithelium, ciliated, 129, 227. 

Erlach, acclimatization, 29, 30. 

Errara, hydrotropi8m, 869; thigmo- 
tropism, 38 L 

EscHENHAOEic, growth and denBity, 
362. 

EscHLE, iodine and gTOwth, 317. 

Ether, 9, 10. 

Ethylaldehyde, protoplasm, 21. 

Euglena, chemotaiis, 33 ; phototaiis, 
183 ; acclimatization to cold, 267 ; 
thermotaxi8, 261. 

EwALD, electrotaxis, 147-160. 

Excretion and poisons, 51. 

ExNER, pigment and light, 193. 

Extent of medium and size, 478. 

Fabre-Domeroub, den8ity, 76, 86. 

Fallow ground, enrichment, 310. 

False, phototaxi8, 181 ; traumatro- 
pism, 384 ; geotropism, 892 ; electro- 
tropism, 409. 

Famintzin, phototonus, 177 ; photo- 
taxi8, 182; chlorophyll position, 
189 ; light and growth, 430. 

Fatigati, rays which disturb metabo- 
lism, 170. 

Fatrer, serpent poison, 28. 

Fechner, threshold stimulation, 434. 

Ftnt, temperature and chick^s growth, 
450. 

FiCK, electric stimulation, 133. 

Figdor, phototropic limit, 439. 

Fish, den8ity-effects, 79-82 ; rheotaiis, 
109; temperature and growth, 468, 
450 ; medium and size, 474. See also 
Gold-fish. 

Flagellata, chemotaiis, 33, 36, 46; 
salt-absorption, 86, 89; phototaxis, 
182; acclimatization to heat, 252, 265. 
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Flammariov, effective rajs in growth, 

420. 
Fly larvffi, chemotactic, 38 ; geotactic, 

118. 
Fluorine, and growth, 317. 
Food, 309-330 ; response to, 30 ; elec- 

t4on, 334. 
Fonualdebyde, poison, 20, 21. 
Frank, chlorophy11 position, 180 ; 

growth definition, 282 ; nitrogen as 

food, 308-310. 
Franke. See Pfeiffer. 
Frankland, light and bacteria, 171. 
Frazeur, regeneration and densitj, 

365. 
Freda, electricitj and growth, 408. 
Fredericq, salt-absorptlon, 88; cop- 

per and growth, 324. 
Fresh water absorbed by marine or- 

ganisms, 70, 80. 
Fries, light and fungi, 420. 
Frog, sodic fluoride, 22 ; density, 82 ; 

salt-absorption, 88; electric stimu- 

lu8, 132, 130; pigment and light, 

102 ; water in developlng, 285 ; size 

and medium, 474, 475. 
Frog'8 egg, cytotaxi8, 52 ; cold-rigor, 

240 ; oxygen and growth, 305 ; elec- 

tricity, 405. 
Fromann, soluble mineral bases as 

poisons, 13. 
Fungi, salts of arsenic, 5 ; sulphurous 

oxid&, 20 ; nitrous acids, 21 ; nutri- 

tive Solutions, 302 ; hydrogen asfood, 

306; potassium, 318; iron, 323; 

organic foods, 324-326; water and 

growth, 350; hydrotropism, 358; light 

and growth, 420 ; colored light, 430. 

Ga IN, water and growth, 254. 
Galvanic current, acclimatization to, 

130. 
Gastropoda, copper in blood, 324. 
Gautier, green ray8 and plants, 435. 
Gavarret, desiccated rotifers, 62. 
Geotaxis, 114-124. 
Geotropism, 301-403; and phototro- 

pism, 470. 
Gerosa, cold, 241. 
Germination, and solutions, 363 ; and 

light, 424. 
Gilbert. See Lawes. 
G LAN, spectrophotometer, 160. 



Glucose, reaction, 4. 

Glycerine, chemotactic, 37. 

GoGORZA, density, 70-83 ; acclimatiza- 
tion, 86, 87. 

Grold chloride, poison, 46, 47. 

Gold-fish, density, 77, 70. 

GoLUB£W, electricity stimulus, 130. 

GoRiNi, AmoBba, 328. 

GoTscHLiCH, heat-rigor, 232, 233. 

Graber, phototaxis, 203, 205, 207 ; 
thermotaxis, 258, 261. 

Grandeau, electricity, 406, 408. 

Gravity, methods, 112 ; protoplasm, 
113, 114 ; direction of locomotiou, 
114-124 ; growth, 301-403. 

Green plants, light, 174 ; organic food, 
326, 327. 

Greenwood, nicotin as poison, 24. 

Groom, phototaxis and temperature, 
200. 

Growth, analysi8 of processes, 281 ; 
three factors, 282 ; regions in plants, 
283; cell-division, 287; kinds of, 
287; normal, 288, 280; chemical 
agents on, 203 ; as response to stim- 
ulus, 331 ; directed, 335, 355, 376, 
384, 387, 301, 400, 437, 460; water, 
350 ; density, 362 ; molar agents, 
370 ; wounding, 384 ; gravity, 301 ; 
electricity, 405 ; light, 416 ; heat, 
450 ; optimum, 454 ; maximum tem- 
perature, 456 ; range, 456 ; modifi- 
cation of rate, 478-480 ; modification 
of direction, 480-483. 

Gruber, denstty, 76. 

Haberland, chemotropism, 242. 

Haemoglobin, properties, 208. 

Ha LES, phototropism, 437. 

Halliburton, heat-rigor, 230. 

Halogens and growth, 315. 

Hamburger, isotonic coefficient, 73; 
denstty, 76. 

Hammond, light and growth, 426. 

Hansteen, organic food of plants, 327. 

Hartig, phosphorus and growth, 314. 

Heat, absorption by plants, 170 ; nat- 
ure of, 210 ; action on protoplasm, 
222-263 ; chlorophyll f ormation, 224 ; 
irritability, 225 ; acclimatization to, 
240, 251 ; extremes, 248 ; direction 
of locomotion, 258 ; growth, 450- 
467 ; latent period, 460. 
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Heat-rigor, 231, 239. 
Hedgehog, hydrocyanic acid, 19. 
Hboler, pulling and growth, 372, 374; 

electrotropism, 412. 
Heidenschild, toxic proteids, 22. 
Helianthus, pulling, 374 ; phototro- 

pism, 438 ; phototropic angle, 471. 
Hellrieoel, nitrogen fixation, 310. 
Helmholtz, light on retina, 171. 
Hen, mineral matter in egg, 303 ; flu- 

orine, 317. 
Kensen, light and pelagic eggs, 417. 
Hepatics, thigmotropism, 381. 
He&£U8, nutrition, 300. 
Herbivora, chlorine, 316. 
HsRBST, salte of marine animals, 303 ; 

phosphorua and growth, 314; sul- 

phur, 316 ; chlorine, 310 ; potassium, 

319 ; magnesium, 323. 
Hermann, electrical measaremente, 

128 ; electric stimulation, 139 ; elec- 

trotaxis, 147-149 ; cold, 242. 
Hbrrick, gravity and nucleus, 114 ; 

temperatare and growth, 458. 
Hbrtwiu, o., growth of frogs, 458, 459. 
Hertwig, o. and R., cocaine, 24; 

8trychnin, 25 ; quinine, 26 ; chemo- 

taxiB, 33. 
Hi£RONYMU8, chlorophjU movements, 

191. 
HiGOENBOTTOM, Hght and growth, 425. 
HiLTNER, nitrogen and growth, 312. 
HoFER, hydroxy lamine, 15. 
HoFFMANN, water and growth, 250; 

dryne88 and resistance to heat, 255 ; 

light and germination, 420, 424. 
HoFMEiSTER, molar agente and proto- 

plasm, 100, 102; phototexis, 184; 

temperature and protoplasm, 225 ; 

heat-rigor, 232 ; geotropism, 401. 
Holothuroidea, geotaxi8, 118. 
Honey bee, temperature and meteb- 

oUsm, 223. 
HoppE-SETLER,acclimatization to heat, 

251 ; lithium on growth, 318 ; mag- 
nesium, 323. 
HoRVATH, shaking protoplasm, 99 ; bro- 

mine and growth, 316 ; rough move- 

ment on growth, 370. 
HuDSON, desiccation, 63. 
Human embr>'o, water in growth, 286. 
Humidity of soil and growth, 253. 
iIuxLEY, definition of growth, 282. 



Hydra, nicotin, 23; den8ity, 81, 86; 

phototexis, 194, 202; light wave8 

and growth, 430. 
Hydrachna, maximum temperature, 

238. 
Hydrazin and protoplasm, 16. 
Hydric sulphide, protoplasm, 19, 20. 
Hydrides, chemotactic, 37. 
Hydrocyanic acid, poison, 19. 
Hydrogen on protoplasm, 5 ; in organ- 

Isms, 306. 
Hydrogen peroxide, poison, 3. 
Hydroidea, inorganic food, 803 ; iron, 

323 ; density and regeneration, 364 ; 

thigmotropism, 382 ; geotropism, 398, 

399 ; pho^otropism, 443. 
Hydroides dianthus, responds to 

shadow, 179. 
Hydrotaxis, 66. 
Hydrotropism, 255. 
Hydroxy lamine, poison, 1, 15. 
Hyph8e, chemotropism, 340; hydro- 

tropism, 358. 
Hypochlorous acid, poison, 3, 4. 
Hypozanthin, chemotactic stimulus, 

38. 

Indiffercnt chemical agente and proto- 
plasm, 41, 42. 

Induction apparatus, 127. 

Infusoria, and potassic permanganate, 
4 ; halogens, 4 ; arsenious acid salte, 
5; azoiniid, 7; chloral hydrate, 10; 
hydroxylamine, 15 ; phenylhydrazin, 
16 ; hydrocyanic acid. 19 ; ethylalde- 
hyde, 21 ; quinine, 27 ; acclimatiza- 
t ion, 28; chemotaxis, 33; thigmotaxi8, 
106; katex response, 137; electro- 
taxiB, 140; wave-lengths which dis- 
turb metebolism, 170; heat and 
movement, 228 ; cold-rigor, 240 ; or- 
ganic foods, 328 ; muUiplicatiou and 
light, 422. 

Injurious substances, response to, 39. 

Inorganic salte and protoplasm, 37. 

Insecta, hatching and temi)erature, 458. 

Insectivorous plniite, chemotropism, 
a'^5. 

Invertebrates, quinine, 26 ; sodic car- 
bonate, 28; water in, 58, 59; elec- 
tric response, 136 ; electrotaxi8, 147 ; 
ultrauiaximum temperature«, 2:^- 
237 ; ultraminimuro, 244-246 ; in hot 
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springs, 250, 251; potassium asfood, 

318. 
lodine, protoplasm, 4 ; gTowth, 317. 
Iron, and growih, 821-^23. 
Irritable period in development, 879; 

region in tendrils, 370. 
l80i>oda, hydroxylamine, 15 ; formalde- 

hyde, 21. 
Isotonic coefficients, 23. 

Jaccahd, oxygen on plant gTowth, 305; 

pressnre and gTowth, 368. 
Janše, salt^abeorption, 88. 
Jarius, growth and densitj, 362. 
Jensen, geotazis, 114-118, 121-124. 
Jentts, oxygen and growtli, 305 ; den- 

8ity and growth, 362. 
Johnson, hydrotropi8m, 256; geotro- 

pism, 304. 
JdNssoN, rheotaxis, 108; rheotropism, 

387; light and germination, 425. 
Jordan, analysis of water, 301. 
JuMELLE, water and growth, 253. 

Kahsten, light and plants, 410. 
Katex type of electric response, 138. 
Keller, retinal pigment and light, 102. 
Klebs, phototaxi8, 183. 
Klein^ light fatal to fungi, 174. 
Klinoer, 8ynthe8i8 of organic com- 

pounds, 163. 
Knioht, hydrotropiBm in roots, 256; 

geotropism, 393. 
Knowlton, temperature and growth, 

459. 
Knt, light and growth, 423. 
KocH, free nitrogen as algSB food, 300. 
KocHs, desiccation and seed vitality, 

63,64. 
KoFoiDf blastula cayity, 78, 79. 
Ko980wiT8CH. See Koch. 
Kraft, electricity on epithelium, 120. 
ELraub, light on growth, 420; green 

rays and growth, 430. 
Ereatin^ chemotactic, 38. 
Krukenbbrg, 8trychnin, 25 ; quinine, 

26 ; water in organism, 58, 205 ; 

iron and growth, 321. 
Ki^HN, desiccation of nematodes, 61. 
Kuhne, effect on protoplasm of hydro- 

gen, 5 ; chloroform, O ; veratrin, 24 ; 

varying density, 75-77 ; electric cur- 

rent, 120, 132, 138, 130; tempera- 



ture and movement, 225 ; heat-rigor, 
231, 232; fatal temperature, 238; 
cold-rigor, 241 ; cold, 242, 247, 248. 
EuNKEL, iron as food, 323. 

Lactic acid, chemotactic, 38. 
Lamellibranchiata, electric stimula- 

tion, 133 ; light reaction, 170. 
Lance, desiccation of tardigrades, 61, 

65. 
Land animals, acqui8ition of oxygen, 

304 ; sulphur, 314. 
Larvse, food, 323 ; light, 418. 
Laurent, nitrogen food of plants, 300, 

312. 
Lawe8, nitrogen as plant food, 310; 

food of mammals, 330. 
Leber, chemotaxis, 33. 
Le Dantec, thigmotaxi8, 105, 107. 
Leeches, poison, 15. 
Legumes, enriching action of, 310. 
Leitoeb, light and spores, 424. 
Lemna, organic food of, 327. 
Lemstrom, electricity favors plant 

growth, 408. 
Leone, agitation of water and growth, 

371. 
Lesaob, moisture and germination, 

350, 351. 
Leucocyte8, ozygen and protoplasm, 3 ; 

chloroform, 10 ; quinine, 26 ; chemo- 

taxis, 33 ; electric stimulation, 130. 
Lbwith, heat and coagulation, 255, 

256. 
Liebenbero, light and germination, 

425. 
Liebermann, water of organism, 58. 
LiEBscHER, free nitrogen as plant food, 

312. 
Life, temperature-limits, 231. 
Light, methods, 154; monochromatic, 

156-158 ; phy8ical properties of dif- 

ferent wave-length8, 158, 150; in- 

ten8ity, 160 ; chemical action, 161- 

165; thermic effect on metabolism, 

166-170 ; Chemical effect, 170, 171 ; 

vi tal limita, 171 ; and movement, 

175; light-rigor, 178; and carbon 

dioxide production in plants, 170; 

phototaxis and photopathy, 180-210 ; 

of chlorophyll, 180 ; of pigment, 102 ; 

racial attunement, 107 ; period of 

llfe, 107, 108 ; mechanios of response 
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207-209; reUrdlng eSect on 
growUi, 416-423; accelerating effeot, 
423-127 ; pliotolropism, 43fl-445. 

LiLLB, temperature and growlh o( 
tadpoles, 450. 

Limax, geotails, 118-120. 

Ltmniea, poisoned by azoimid, T ; ac- 
cllmatizatiun to denstlj', 86 ; Ugbt on 
growth of, 426 ; eiteot of mediom 
and slze, 474. 

Linam, light and gronth. 428. 

LIthium and growtb, 318. 

Lobater, copper In blood, 324 ; heat 
and gTowih, 458. 

LocKE, metallicsaltsaspoiBons, 14,16. 

liOcomotion, lnt«rference with nunnal, 
61 ; deterntination of dtrection, 32, 
66, 80, 106, 114, 140. 180.258. 

Locuet, beal and grontb of, 458. 

LoBe, cheinotaxu!, 33 ; ox7g«n attmcta 
fly larvEe, 38 i gravitj and iiiverte- 
brale«, 118 ; efiHcl of light intenslt)-, 
170, 107 ; photoUutlH, 108 ; pbolo- 
tasis and temperature. 2O0 ; liglit 
attuneuient. 200; pbotoLaxU, 204, 
206, 208 ; temperature and irrltabll- 
Itj, 230 ; tbennotiuds, 2&8-261 ; rOle 
o( wai«r in growtb. 304 ; oxygen 
and growth, 308 ; potaaaium and re- 
^neration, 310 ; magiicsiam and 
grotvth, 323 ; growtli aud denaity, 
864 ; contact and grovUi of Btoloiis, 
STO ; cuttiiig and rate of gTowtb, 
370 ; Ibigmotropisin in hjdroids. 382 ; 
rheotroplam, 388 ; geotropism in h;- 
droldB, 309. 400 ; photolroplsm In 
ftulmal«. 442, 443. 

LoEW, eSect on proloplasm of 0x7- 
gen. 2 ; pota-islc cblorate, lioto^na 
and Bodic chrouiato, 4 ; areeuical 
salts. 6 ; catoljtic poi«ons. nnd azoi- 
mid. 7 ; Eulphonal, 10 ; carbonlc di- 
enlpbide and Inorganic acida, 12 ; 
Boluble mineral bases, 13 ; ulis of 
he»Tj metal«, 14, 16 ; hydroxyla- 
mine, substitution poiaona. 15 ; com- 
plex nitrogenotu eompoanda, 10; hj- 
drocjanic acid, IS; a]dehydes, 20; 
ethylaldebyden. 21 ; sodic fluoride. 
21. 32 ; allialoids, 22. 23 ; acciimaU- 
zatlon to poisons, 27 ; oiygen and 
gromti, 204 ; pbotpboruB and growtb, 
314. 



LoKBAKDnti, eftect of eleotricitjr on 

dcveiopment of chick, 406. 
Ll'ddc>ck. cUemotaiis, 33; eSectiva 

trave-ieugths in photoiaxis, 203, 206. 
Ltiitutrr, eiectrotaxi». HI ; th©ory of 

eleclrolaiis iu Cillata, 145. 

Macaibe, heat and metaboliam. 222. 
MAatLi.i:i(, iron in gniivtii, 321. 
MicDoNNELL, liglit on frog'a gromh. 

426. 
MicDouoAL, coutact responsa of ten- 

dril. 378, 370. 
M-cLeod, e]ectricity and plant growtb. 

407. 
Maooi, food of Amceba, 328. 
Magneslum, and growtb, 323. 
Magnetropism. 413. 
Maize, eilicon in, 324. Ste ZeA. . 
Malio acid, chemataatlo, 3T, 3& 
Mammal«. quiuine, 2T ; foods of, 330. 
Man. Bcciimatization to poisons, 28; 

Bulphur as food, 316. 
Manganese. and gTowUi, 321, 
Manganlc acid, poiHon, 3. 4. 
Marine orgaiiisms, eflect of fresb watvr 

on, 70 ; foods of, 303. 
M^iBuiEa. lmmunlty. 30. 
Mjrsball, pliototails. 104. 
Martim S*iNT-AiiaB, rOle of waur in 

gromth, 294. 
Mjmart. eflect on protnplasm of par- 

aldehyde and formaldchyde, 31 ; 

cocalne. 24 ; antipyrin, 27 ; chemo- 

taxiB, 33, 34 ; isotonic coefficienta. 

73, 74 ; densit/ and protoplasmlo 

Atmciure. 76. 80 ; acclimatlzation to 

densitj-, B6-8S ; tonotaiis. 80-02 ; 

phoepborescence, 08 ; tbl^niotAzis, 

106. 107 ; graTity and ProUsI«, 114- 

116. 121 ; phototazis, 200. 
HATTBrAB. Set Hebkakk. 
HArpAS. light and growUi of Infnao- 

ria. 422. 
Mavkb, absorption of heat bj- plants, 

170; temperature and metaboliam. 

222. 
Mechanic« of reAponse, 46. 
Meltzer. shaldng bacteria. 09. 371. 
Mb^cdhlmohk, change of optimiUDi 

SM ; tbermotaila, 368, 269. 
Hctaboliam, modiflcation by poiaona, 

1-37 ; by dryneai, 60 ; molar agenU, 
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98 ; by Ught, 160-176 ; by heat, 222- 
225 ; llmiting conditions of, 275. 

Metschnikoff, chemotaxis in bacte- 
ria, 33. 

Mice, acclimatized to ricin, 29-32. 

Migu L A, inorganic acids on protoplasm, 
12. 

MiLDEf light and spores, 424. 

MiNOT, growth» 289. 

Mistletoe, light and growth, 423, 438. 

MirosHi, cbemotropism, 338, 340 ; hy- 
drotropism, 358. 

MoHL, twining stems, 877 ; acclimati- 
zation to light, 444. 

MoissAN, temperature and metabolism 
in plants, 223. 

Moist gelatine, no thigmotropic re- 
sponse to, 278. 

Moisture and protoplasm, 58. 

Molar agenta, and lifeless matter, 97 ; 
and protoplasm, 97 ; movement, 98, 
99 ; metabolism, 98 ; direction of 
locomotion, 106 ; and growth, 370. 

Molds, and sodic carbonate, 28 ; uutri- 
tive Solutions for, 302 ; and free 
nitrogen, 308 ; potassium and growth, 
318 ; rubidium, 320 ; election of or- 
ganic foods, 333; thigmotropism, 
381 ; electrotropism, 412 ; light, 420. 

Molecular composition and effect on 
metabolism, 30. 

MoLEscHOTT, effect of light on verte- 
brates, 422. 

Moli se H, hydrotropi8m, 257 ; potas- 
sium and calcium in growth, 319, 
320 ; chemotropism, 336, 337 ; hy- 
drotropism, 359 ; thigmotropism, 
381. 

MoUusca, formaldehyde, 21 ; quinine, 
27 ; changed den8ity, 79 ; electro- 
taxis, 147; phototaxis, 202, 207; 
ultramaximum temperature, 235 ; 
ultraminimum, 245 ; species living 
in hot springs, 251 ; composition, 
295 ; light and growth, 426. 

MoNTEGAzzA, effect of strong light on 
bacteria, 171. 

MoNTi, food of AmoBba, 328. 

MooRE, light and chlorophyll arrange- 
ment, 189, 191, 192. 

MoRiOGiA, heat-rigor, 232. 

Morphine, and protoplasm, 25. 

Moths, phototaxis, 197. 



Mucor, phenylhydrazin a poison, 16; 

tropisms in, 482. 
MtJLLER, H., respondlng region in 

phototropism, 441. 
MuLLER, N. J. C, definition of growthy 

282. 
MiJLLER, O., thigmotropism, 379, 380. 
MuLUiR-HBTTLiiroBir, electric stress 

in seedlings, 405 ; electrotropism, 

409. 
MiJLLBR-THUROAU, froezlug-point in 

plants, 247. 
MiJNTER, yitality of dried seeds, 64. 
MuNTz, nitrifying organisms, 308, 310. 
Musca, light and growth, 432. 8ee 

aUo Fly. 
Muscle, electric stimulus, 133, 135; 

cold-effect, 242. 
Myriapoda, hydrocyanic acid secreted, 

19. 
Mytilus, acclimatization to den8ity, 85, 

86. 
Myxomycete8, hydrogen, 5 ; chemo- 

taxis, 33, 38, 45 ; yarying density, 

75, 86 ; molar agenta, 100 ; electric 

stimulation, 129; light stimulus, 

179 ; phototaxis, 184, 202. 

Nagel, electric stimulus, 135-138; 
electrotaxi8 in invertebrates, 146, 
150, 151 ; light stimulus, 179; me- 
chanics of light response, 207. 

NXoELi, catalytic poisons,. 7 ; salta of 
metals as poisons, 14; phototazis, 
182 ; temperature and movement, 
225 ; cold-rigor, 241 ; nutritive solu- 
tion for fungi, 302 ; csesium and 
growth, 320. 

Nais, regeneration and solutions, 365. 

Naja tripudians, acclimatization to 
poison of, 30. 

Natica, acclimated to sulphuric acid, 
28. 

Neal, corrosive sublimates as poison, 
15 ; acclimatization to poison, 30, 31. 

Nematoda, azoimid, 7 ; chloral hydrate, 
10 ; desiccation, 61. 

Nencki, chlorine and growth, 316 ; 
sodium and growth, 318. 

Nephelis, effect of yarying density, 81. 

Nereis, effect of cocaine, 24. 

Nerve, electric stimulation, 133, 135. 

Nicotin, and protoplasm, 23, 24. 
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KiEPCE DE Saint Victor, chemical 

action of light on starcb, 165. 
N1KOL8KI, curare and protoplasm^ 26. 
Nitella, cold-rigor, 241. 
Nitrogen, source of, in organisms, 307 ; 

free N. as food, 308, 313. 
Nitrogeuous compoundSf as poisons, 

16-21 ; chemotactic, 38. 
Nitrous acids, and protoplasm, 21. 
NoBBE, free nitrogen as plant food, 

312 ; potassium as food, 319. 
Koctiluca, effect of paraldehyde, 21 ; 

forroaldehyde, 21 ; antipyrin, 27 ; 

deformation, 08. 
Nuclein, composition, 208. 
Nutritive solutions, for algse, 302 ; for 

fungi, 302 ; light and seed germina- 

tion, 420. 
Nutritive values, laws of, 325. 



OoATAf food of Infusoria, 328. 
OHLMiJLLER, ozone and bacteria, 3. 
Oltmanns, phototaxis, 183, 205, 206. 
Onimua, penetrability of tissues by 

light, 165. 
Optimum, 40 ; cbange of, 254 ; con- 

centration for growth, 364 ; move- 

ment for growth, 372; temperature 

for growth, 454-450, 460, 461. 
Orbitolites, niolar agents, 100 ; thig- 

motaxis, 106 ; thigmotn)pism, 376. 
Organic, compounds cheinotactic, 37; 

food used in growth, 324 ; food, 

election of, 333. 
Organisms, atoinic composition of dry 

substance, 296 ; elements important 

for, 297, 298 ; food of non-chloro- 

phyllaceous O., 21>9. 
Oscillaria, phototaxis, 184. 
Osmosis, rOle in organic life, 71 ; 

quantitative measure of, 71-73. 
Osmotic index, 82. 
08trac<xla, azoimid, 7. 
Ostrea, acclimatization to changed 

density, 85. 
09TWA-Li>, temp>erature and osmosis, 

83 ; electrical methods, 126. 
OvERTON, chemotropisrn, 242. 
Oxygen, effect on anaerobic bacteria, 2 

on protoplasm, 2-5 ; antipvrin, 27 

chemotactic, 34 ; thijrmotactic, 106 

as food, .*i04 ; and gro\vth, 305. 
Ozone, and bartcria, 3. 



Palsemon, nicotin, 24. 
Palm, cause of twining, 377. 
Paludina, changing den8ity, 85. 
Paneth, hydrogen peroxide and Čili- 

ata, 3. 
Paraldehyde, protoplasm, 21. 
Paramecium, 8trychnin, 26; electro- 

taxi8, 142, 144, 145; change of 

optimum, 254 ; thermotaxi8, 259, 

260. 
Parasites, oxygen, 2. 
Parker, response of pigment to light^ 

193. 
Paste UR, ultramaximum of dry spores, 

255. 
Patella, acclimated to diminished tem- 
perature, 85. 
Pathogenic bacteria, chemotaxiB, 33. 
Peirce, twining in dodder, 377. 
Pelias berus, rabbits acclimated to- 

poison of, 30. 
Peloniyxa, electric stimulus, 129, 133, 

134. 
Penicillium, fixe8 free nitrogen, 308. 
Peptone, chemotactic, 38. 
Peranema, electric response, 130. 
Perceptive region, in phototropism,. 

441. 
Perkins, grayity and Limax, 118-120. 
Permanganic acid, poison, 3, 4. 
Peronospora, does not germinate in 

light, 420. 
Petermann, free nitrogen as plant 

food, 312. 
Pfeffer, chemotaxis, 33, 36-45 ; 

measure of osmosis, 71 ; tonotaiis, 

89, 90 ; thigmotaxis, 106, 108 ; wave> 

length artive in assimilation, 166; 

growth, 281 ; election of food, 333 ; 

chemotropism, 337 ; method of iso> 

latiiig the root tip, 395 ; cause of 

twining, 377 ; irritable period in 

thigniotaxi8, 379 ; contact stimulus, 

382, 383, 386. 
Pfeiffer, free nitrogen and plants, 

312. 
Phaneropimia, free nitrogen as food, 

312 ; potas.sium, 318 ; calcium, 320 ; 

electrotropism, 411 ; red rays and 

prowth, 436. 
Phenol. a.s poison, 18. 
Plu'nylhy<lrazin, poison, 16. 
Phosplion\scence, 1>8. 
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Fhosphoros, and growth, 813. 
Photopathy, 180; distribution, 182; 

law8 of, 196 ; and chemical constitu- 

tion of medium, 201. 
Fhototaxis, 180, 106 ; true and false, 

181 ; distribution, 182 ; effect on P. 

of stTong light, 196 ; laws of , 196 ; 

effective Tay8, 201 ; P. vs. photo- 

pathy, 203. 
Phototonus, 177. 
Phototropism, 437, 438; optimum in- 

tensity in, 439 ; effective ray8, 443 ; 

mechanics of, 444 ; limiting angle, 

471, 472 ; after-effect, 484. 
Phycomyce8, water and spores, 358; 

heat and growth, 464. 
FicKFORD, heaWigor, 231. 
PicTET, cold-rigor, 240. 
Pigeon, acclimatization to poi8on, 29. 
Pigs, food of growing, 330. 
Planaria, azoimid, 7 ; hydrozy]amine, 

15 ; den8ity, 81 ; tlii^otaxi8, 105 ; 

photopatby, 206. 
Planorbi8, azoimid, 7 ; den8ity, 85. 
Plastic f ood8, 293. 
Plateau, den8ity, 80-82, 86 ; ab8orp- 

tion of salt, 88. 
Platt, geotaxi8, 124. 
Poa, light on 8eed8, 424. 
Poi8ons, oxidizing, 3, 49 ; catalytic, 7, 

50 ; 8alt^fonning, 12, 50 ; 8ub8titu- 

tion, 15, 50 ; acclimatization to, 29. 
PoLECK, 8ilicon in hen'8 egg, 324. 
Pollen-tube8, chemotropism, 337, 338 ; 

hydrotropi8m, 358. 
Polygordiu8, phototaxi8, 200. 
Polyphemu8, den8ity effect, 76. 
Poly8toma, 8alt-absorption in, 89. 
Polystomella, electric 8timulu8, 129. 
Polytrichum, light and germination, 

424. 
Porthe8ia, thermotaxis, 261. 
Pota88ium, growth, 318 ; regeneration, 

319. 
Potassium 8alts, poison8, 4, 6. 
PoucHET, light-8timulu8, 179. 
Prei88ia, light and germination, 424. 
Presch, 8ulphur and growth, 315. 
Preyer, anabio8i8, 61, 63. 
Prinosheim, light on green plants, 

174 ; light-rigor, 178. 
Propionic acid, 38. 
Prosher, growth of mammals, 330, 331. 



Protein poison compounds, 22. 

Protista, cocaine, 24; morphine, 25; 
desiccation, 64; contact response, 99 ; 
geotaxis, 114, 115, 118, 121-123; 
electric 8timulu8, 134; acclimatizar 
tion to electricity, 139 ; electrotaxis, 
146; photopathy and phototaxi8, 
182, 203; heat, 224, 228; thermo- 
taxi8, 258, 261 ; growth of P. and 
light, 416. 

Protopla8m, hydroxylamine, 1 ; ozy- 
gen, 2, 3 ; 8ub6titution poi8ons, 15 ; 
nicotin, 23 ; 8trychnin, 25 ; quinine, 
26 ; antipyrin, 27 ; acclimatization 
to poi8on8, 32 ; 8pecific resistance of , 
49 ; 8tructiire of , 70 ; varying den- 
8ity, 74 ; acclimatization to change 
of density, 86 ; contact, 97 ; periodic 
di8tiirbance8, 98 ; electric 8timulus, 
138 ; temperature, 241 ; chemical 
agenta and growth, 274 ; structore . 
and compofiition, 274, 275; stnict- 
ural limiting conditions, 276. 

P8eudophototazi8, 181, 182. 

PuGH, free nitrogen, 810. 

Pulmonate8, fre8h-watery varjrlng den- 
8ity, 78. 

Puriewitsch, free nitrogen, 308. 

PURKINJB, cold, 241. 

Pyrocatechin, poi8on, 19. 

QuiNCKE, effect of blue ray8 on growth, 

436. 
Quinine on protoplasm, 26, 27. 

Rabbit, acclimatization to enake poi- 

8on8, 30. 
Raciborski, growth and den8ity, 363. 
Kadiant heat and growth, 463. 
Radiolaria and 8ilicon, 324. 
Raillet, de8iccation-rigor, 61. 
Rana, heat and growth, 457-459. 
Rauber, oxygen on frog'8 eggs, 305; 

temperature and growth, 459. 
Raulin, pho8phoru8 and growth, 314. 
Rat, gravity and growth, 391. 
Ratleioh, monochromatic light, 158. 
Regeneration and potassium, 319; 

density, 364, 365. 
Reinhardt, chemotropism, 340. 
Reinke, light and plant assimilation, 

167 ; moisture and growth, 251 ; 

agltation of water and growth, 371. 
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Removal of tissue, and growth, 375. 

Hepulsion, by cheniical agents, 38; by 
dense solutions, 01. 

Resistance capacity , to poisons, 48 ; to 
dense solutions, 83 ; to heat, 240. 

Resorcin, poison, 10. 

Response to injurious substances, 30; 
mechanics of R., 45, 277 ; 48(M84. 

Rheostat, 127. 

Rheotaxi8, 105-108. 

Rheotropisin, 387, 388. 

Rhizoids, bydrotropism of, 257. 

Rliizoma, geotropism, 308. 

Rhizopoda, thigmotaxis, 106; electric 
Btimulus, 120 ; phototaxis, 185; ther- 
motaxi8, 250. 

RiciiARDs, E. See Jordan. 

RicHARDS, H. M., growth and Chemi- 
cal irritation, 332. 

RiCHET, toxic dose and temperature, 2. 

RiciiTKK, varying den8ity, 78, 80, 86, 
80; geotropism, 308. 

Rigor, cold-K., 242; dark-R., 176; 
desiccation-R., 61; heat-R., 231; 
light-R., 178. 

RiNGEK, den8ity, 80. 

Ri8CHAwi, temperature and excretion, 
223; electrotropism, 410. 

RoEMER, cbemotaxi8, 33. 

Roos, iodine and growth, 317. 

Roots, cbcmotropism, 3i50; hydrotro- 
pi8m, 256 ; tbigmotropism, 380 ; geo- 
tropism, 303. 

RosANOFF, cbemotaxis, 108. 

RossBACii, 24; 8trychnin, 25, 26; qui- 
nine, 26; varying den8ity, 78; heat 
and excrction, 224 ; heat and cilia 
movement, 228. 

RoTH, temperature and cilia move- 
ment, 227. 

RoTiiERT, transmission of light stimu- 
lu«, 441. 

Rotifera,chloral hydrate, 10; bydroxyl- 
amine, 15; desiccation-rigor, 61, 62; 
cold- rigor, 240; heat and dryne88, 
255. 

Houjjh movements and growtb, 370. 

Rorx, eytotropi8m, 52, 53. 

Kubidium, effect on gr()wtb, 320. 

Krscojfi, electricitv on frog^segg, 406. 

Kr.HSELL, movemenU* and growth, 371. 

Sachs, penetration of light into plant 



tissue, 165 ; active ray8 in plant aj^ 
similation, 166 ; false phototaxis, 
181 ; temperature and protoplasmic 
movement, 226 ; hydrotropism, 256 ; 
growth, 281 ; silicon and growth, 
824; hydrotropLBm, 358; tbigmotro- 
pism, 380, 383; geotropism, 303- 
307, 402 ; light and growth, 417, 418 ; 
curve of growth, 421; effective ray8 
in growth, 428. 

Salmo tmtta, light on eggs of , 426. 

Salts as poisons, 14, 16; cbemotactic, 36. 

SAMKowr, beat-rigor, 232. 

Sargent, fission and den8ity, 366, 366. 

Schizomycetes, p8eudotaxi8, 182. 

Se H ENO K, effect of twisting on plant 
growtb, 375. 

ScHLosiNG, nitrifying organism, 308, 
310 ; algse and nitrogen, 300 ; frce 
nitrogen and phanerogams, 312. 

ScHMANKEwiT8CH, changed density on 
Flagellata, 76, 77, 86. 

ScHMiDT, movements and growth, 371. 

ScHMiTz, light and growth, 420. 

ScHNEiDER, iron and growth, 321. 

SciiNETZLKR, ray8 affecting growth of 
tadpoles, 432, 435. 

ScHOLTz, puUingon plant growth, 372. 

SciiouMow-SiMAXowsKT. See Nbncki. 

SciiRODER, strycbnin, 26. 

SciiuLTZE, M., strychnin, 25 ; temper- 
ature and protoplasmic movement, 
225 ; beaUrigor, 232. 

ScHULTZE, O., temperature and growth, 
450. 

ScHULz, saltflof arsenic, 4, 5 ; acclima- 
tization to poison, 28; poisons and 
celi activity, Sii2. 

ScHLRMATER, chloroform and ether, 
10 ; cocaine, 24 ; strychnin, 25, 26 ; 
antipyrin, 27 ; heat and cilia move- 
ments, 228 ; cold-rigor, 240. 

SciiuTZENRERGER, dry protoplasm re- 
sists heat, 255. 

ScHWARZ, gravity and Protista, 114- 
116, 121 ; temperature and irritabil- 
ity, 230 ; acclimatization to cold, 
257 ; gravity and growth, 301. 

SciiwEizER,compression rheoetat, 127 ; 
electric current, 130 ; electrotaiis, 
147-140. 

Scyllium, effect of changed solution 
on, 80. 
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Sear-urchiD, inorganic food, 303. 
Secretion, contact stimulus, 99. 
Seed, vitality, 64 ; phosphorus in, 303 ; 

light on germination, 419, 422. 
Seedling, oxygen and growth, 305 ; 

ether and growth, 333 ; pulling stim- 

ulus, 372, 373 ; rheotropism, 387 ; 

electricity and growth, 405-410. 
Selenous oxide and Spirogyra, 20. 
Semper, extent of medium on size of 

snails and fish, 474. 
Sensitive plant, liglu on growth, 429 ; 

temperature and growth, 458. 
Sepolia, nicotin, 24. 
Serpula uncinata, sudden change of 

inten8ity, 179. 
Serpulidae, phototropism, 442. 
Sewall, acclimatization to poison, 29. 
Sexual cells, cocaine, 24 ; quinine, 20. 
Sheep, food of growing, 330. 
Shuttleworth, acclimatization to 

cold, 257. 
Silk\vorm, cold-rigor in eggs, 240. 
Silicon and growth, 324. 
Sinapis, phototropic, 438. 
Slug, thigmotaxi8, 105. 
Snails, strychnin, 26; extent of me- 
dium on size, 474, 475. 
SociN, iron and growth, 323. 
Sodium, salts on protoplasm, 4, 21, 22; 

and growth, 318. 
Solutions, phy8ical action of, 70. 
SoROKiN, phototonus, 177. 
Spallanzani, desiccation-rigor in roti- 

fers, 61, 63. 
Spauldino, ffilse and true thigmotro- 

pism, 384, 385. 
Specitic rate of vibration, 98. 
Spectrophor, Ueinke^s, 156. 
Spectrophotometer, 160. 
Spermatozoa, chemotaxis, 37 ; thigmo- 

taxi8, 10<5, 107. 
Spennatozoida, chemotaxi8, 33. 
Spirillum, chemotaxis, 33. 
Spirographis, sudden change of light, 

179. 
Spirogyra, ammonia, 6 ; salts of heavy 

metals, 14 ; selenous oxide, 20 ; 

fonnaldehyde, 21 ; phosphorus on 

growth of, 314 ; effective ray8 in 

growth, 430. 
Sponge, silicon and growth, 324. 
Sponge gemmules, 65. 



Spores, desiccation of , 65 ; heat, 256 ; 
chemotropism, 341 ; light and germi- 
nation, 419, 422, 424 ; heat and ger- 
mination, 452. 

Squid, copper in blood of, 324. 

Staul, chemotaxis, 33, 38, 45 ; hydro- 
taxis, 66 ; acclimatization to cbanged 
density, 86 ; tonotaxis, 89 ; rheotaxi8, 
108 ; light and chlorophyll arrange- 
ment, 181, 191 ; phototaxis, 183- 
185 ; thermotaxis, 250. 

Stameroff, light and growth, 420. 

Standke. See Klinger. 

Stange, chemotaxis, 33-38 ; growth 
and density, 362. 

Starfish, geotaxis, 118 ; phototaxis, 202 ; 
inorganic food and growth, 303. 

Statoblasts, changing temperature 
nece8sary to development of, 426. 

Stebler, light and germination, 424. 

Stefanow8ka, light response of pig- 
ment, 193. 

Steinach, direct action of light on iris 
movements, 179 ;, light response of 
pigment, 192. 

Stema,.hydrotropi8m, 358 ; gravity on 
growth, 397 ; curvature, 398 ; day- 
light and growth, 419. 

Stentor, salts as poisons, 15 ; accli- 
matization, 30, 31 ; photopathy, 189 ; 
thigmotropism, 375. 

Stimulus, relation between intensity 
and i-esponse, 39, 40. 

Stoklasa, free nitrogen and plants, 
312. 

Stolons, geotropism, 400; phototro- 
pism, 443. 

Strasburger, rheotaxi8, 108 ; light- 
response, 179 ; phototaxis, 183, 184, 
199, 202, 208 ; light and temperature 
on locomotion, 199 ; temperature and 
irritability, 230 ; high temperature, 
239 ; acclimatization to cold, 257 ; 
chemotropism, 337. 

Strongylus rufescens, desiccation-rigor, 
61. 

Strontiura, growth, 321. 

Structure of protoplasm, 70. 

Strychnin, 25, 26. 

Sugar, attracts Bacterium termo, 37. 

Sulphonal, 10. 

Sulphur, on growth, 314 ; oxide and 
growth, 20. 
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Swarm spores, protoplasm, 10 ; photo- 
taxi8, 182, 18:1 

SzczAwiK8KA, Ught FespoDse of pig- 
ment, 103. 

Tadpoles, salte of arsenic, 6 ; of heayy 
metals, 14 ; varying densitj, 86 ; 
geoteJLis, 124 ; electrotaxi8, 149 ; 
growth and den8ity, 307 ; light and 
growth, 425, 426, 432, 433 ; extent 
of medium and size, 476, 478. 

Tammann, fluorine and growth, 317. 

Tannio acid, chemotaris, 38. 

Tappeinkr, flaorine and growth, 817. 

Tardigrades, desiccation, 61, 65 ; drj- 
ing and heat resistance, 255. 

Tartaric acid, chemotactic, 38. 

Taurin, chemotactic, 38. 

Temperature, e£fect on toxic dose, 2 ; 
increases osmosis, 83 ; T. and metab- 
olism, 222, 223; and protoplasmic 
activity, 229, 230; ultromaximum, 
231, 234-237; ultraminimuin, 239; 
sudden change of , 460, 461 ; thermo- 
tropism, 464. 

Temporary rigor, 242. 

Tendrilfl, twining, 377. 

Tension, effect on plasma, 374. 

Tetraspora, and density, 78, 89. 

ThalasHicola. contact-response, 98, 99. 

Therraojjenic food, 293. 

Thermotaxis, 105. 258, 261. 

Thigmotropism, 376, 383, 463, 465, 
466. 

TiiorvENiN, electricity and plants, 409. 

Thre8hold stimulus to chemical agente, 

TiMiRiAZEFF, plant assimilation and 

wave-length8, 167, 169. 
ToLOMKi, magnetropism, 413. 
Toiiotaxi8, 89-91. 
Traiiescantia hairs. oxygen, 2, 3 ; hy- 

droj^en, 5 ; ammonia, 6 ; chloro- 

forni, 9 ; niolar agents, 102 ; electric 

cum-nt, 132; cold-rigor, 241, 242; 

cold, 247. 
Traumatropism, 384. 386. 
Trkmblkt, phototaxia, \\H. 
Trevirantj*, tem]>erature and meteb- 

olism, 223. 
Trew, lipht and prowth, 421. 
Triton, electric stinmlation, 137 ; ther- 

motaxis, 261. 



Tritonium and sulphuric acid, 28. 

Trophotexi8, 39. 

Tropism, 484, 

Trout, light and gTowth, 426. 

Trck, traumatropism, 384 ; electro- 

tropism, 410. 
TscHAPLOwiTz, moisture and growth, 

253. 
TsrKAMOTO, alcohols, 10-12. 
Tubers, light and growth, 418. 
Tubifex, poisons, 14. 
Tubularia, oxygen and regeneration, 

306 ; potassium and regeneration, 

319. 
TiMAS, molar agente and growth, 371. 
Tunicates, inorganic food of, 303. 
Turbo, acclimatization to changed 

den8ity, 56. 
Twining stems, 376. 

Ulothrix, prototaxi8 of spores, 199. 

Ultramaximum temperature, 234. 
. Ultraminimum temperature, 244. 
I Urea, attractive, 38. 

Urostyla, thigmotaxi8, 106. 

Valentin, cold, 241. 

Valeric acid, chemical response, 38. 

Vallisneria, cold-rigor, 241. 

Vandevklde, germination and con- 
cen trat ion, iW:V 

DE Variunv, varying den8ity, 80; ac- 
climatization to denAity, 85, 86 ; ex- 
tent of medium and size of Limnsea, 
475-478. 

Velten, cold-rigor, 241 ; temperature 
and chlorophyli movemente, 226, 
227. 

Veratrin, poison, 24. 

Vernon, temi>erature and growth of 
Echinoidea, 458. 

Vertebrates, chemicals, 25 ; electro- 
taxis, 150; potassium on growth, 
318 ; calcium as food, 321 ; organic 
foods of, a*J4. 

Verworn, chemotaiis. 3:J, 34 ; accli- 
matization to changed density, 86; 
pluisphorescence, 98, \>9 ; molar 
aj:^.>nte, 100 : thigmotaxi8, 106 ; geo- 
taxis, 121-123 ; electrical apparatus, 
126; eUvtrio stinmlation, 129-131, 
134, 137 ; acclimatization to electric 
curn>nt, 139, 140; elcctrotaxis, 141, 
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146, 148 ; phototaxi8, 183-186, 188, 

109, 202 ; growth, 282 ; thermotaxis, 

258, 259. 
Vicia, phototropism, 438. 
ViERORDT, spectrophotometer, 160. 
ViLLON, green ray8 and light, 435. 
Vinegal* eel, organic acids, 13; accli- 

mated to sodic carbonate, 28. 
ViNES, temperature and metabolism, 

222 ; freezing point for plants, 247 ; 

growth, 282 ; potassium and growth, 

318 ; light and growth, 420, 421, 423 ; 

effective rays in growth, 430. 
Vitis, phototropism, 438. 
Volvox, phototaxis, 183 ; light attune- 

ment, 206. 
DE Vries, quantitative studies in os- 

mosis, 71-73 ; salt-absorption, 88 ; 

growth and density, 362 ; contact 

stimulus, 382 ; thigmotropism, 383. 

Wachtel, geotropism, 394. 
Waller, electric response, 128 ; elec- 

trotaxis, 147. 
Wari), bactericidal efifect of strong 

light, 171-174 ; celi division and 

growth, 287 ; light and growth, 421. 
Warren, electric current on plant 

growth, 407. 
Wa8manx, thermotaxis, 261. 
Water, amonnt in organ isms, 58 ; rOle 

in organ isms, 59 ; effect on proto- 

plasm, 67 ; aualysis of, 301 ; effect 

on growth, 360. 
Water animals, hydrazin a poison, 16 ; 

source of oxygen for, 304. 
Weber, phosphorus and growth, 314. 
WEnKK'8 law, 43-45, 440. 
"\Vett8Tein, light on development, 174. 
Weyl, heat-rigor, 239. 
"VVhipple, light accelerating growth, 

423. 
Wieler, oxygen and plant growth, 

305 ; growth and den8ity, 362. 
\Vie8xek, hydrotropism, 257 ; trau- 

matropism, 384, 385 ; light and 

seedlings, 417 ; mistletoe, 423 ; 

Vicia faba, 429; intensity of light 



and response, 438 ; effective rays 
for seedlings, 440 ; heat and spore 
germination, 452 ; phototropism and 
geotropism, 471. 

de Wildemann, thermotaxis, 258, 261. 

WiLFARTH, enricbing action of le- 
gumes, 310. 

\ViLLEM, light 'response, 207. 

\ViLSON, phototropism of Hydra, 202. 

WiNDLE, electricity and development 
of chick, 405. 

WiNooRAD8KY, phototaiis, 184 ; nu- 
trition of bacteria, 299 ; sulphur 
and bacteria, 315 ; rubidium and 
growth, 320 ; hydrogen disulphide 
and bactei;^a, 326. 

WoLFF, Silicon and growth, 324. 

v. WoLK()FF, temperature on metabo- 
lism, 222. 

WoLLNY, atmospheric electricity, 408. 

\VoLTERiNO, iron and growth, 323. 

Worm8, formaldehyde, 21 ; electro- 
taxis, 147; phototaxi8, 195; ultra- 
maximum, 235 ; ultraminimum, 245 ; 
acclimatization to high temperatures, 
251. 

WoRTMANN, chemotropism, 340; hydro- 
tropism, 358, 360; thigmotropism, 
381 ; geotropism, 402. 

Wounding, and traumatropism, 384. 

Teast, phosphorus and growth, 313; 
potassium and growth, 318. 

YuNG, acclimatization to changed den- 
sity, 86 ; food of Amphibia, 329, 330 ; 
density and growth, 367 ; light and 
growth, 425, 426 ; light and growth 
of hydra, 430 ; different wave-length8 
on growth of tadpoles, 433-435 ; ex- 
tent of medium and size of tadpoles, 
475. 

Zacharias, varying density on proto- 
plasm, 76. 

Zea, Silicon andgrowth, 324; phototro- 
pism, 438 ; temperature and growth, 
451-455; therniotropism, 463-466. 

Zoospores, chemotaxis, 34, 36, 37. 



ERRATA AND ADDENDA 

Pagb 

10, note, Elfing should read Elfving. 

21, last sentence in uext to last paragrapb, should read : ** On this account 

even neutral nitrites kili such plants as bave an acid cell-sap, but not 

such as have a neutral cell-sap (some algse, e,g, Spirogyra)." 
35. See the valuable paper of H. S. Jennings, Jour. of Pbysiology, XXI, 

258-322, 1897, where it is shown that carbon dioxide iu weak solo- 

tions is attractive ; in strong solutions, repellent. 
59, line 3, 81.0% water should be 71.9%; line 4, 71.1% water should be 74.1%. 
64. See Will, Centralbl. f. Bakteriol. (2), III, 17; latent life of yea8t. 
72, second note, next to last line, one-tenth o/* should read ten times. 
88, second line from bottom, Frederic should read Fredericq. 
108, fifth line from bottom, Jonnson should read Jonsso^. 
113, line 9, should read, "cannot be affected, as a tchole, by graritj." 
127, fourth line from the bottom, electrometer should read electrod^namometer, 
146, line 13, galvanotaxis should read electrotaxis, 
157, Table XVII. Other solutions are suggested by Wiesner, 79, Wien. 

Denkschrift, XXXTX, 187. 
160. For ineasurement of chemical intensity see \Viesnbr, '93. Sitzungsber. 

Wien. Akad. CII, 298. 
170, line 5, over should read under. 

174, line 13, Elvino should read Elfving ; so, too, on p. 213. 
101, description of Fig. 56, line 1, spnces should be species. 
106, tirst paragraph. Dr. A. D. Mead informs me that at Wood*8 IIoU 

Diastvlus 8wims free at night so that it is taken in the tow. Con- 

scquently these crustaceans are not exclusively mud-inhabiting, and 

mav constitute no exception to the rule. 
200, first two lines should read, ^^migrated in travelling 18 cm. in full light, 

15%/<M/?r than the same individual migrated in light J as strong." 
224. A fuller table than that of Risciiawi is given by Clausen, '89, 

Landw. Jahrbiicher, XTX, 007, 011. 
230. Compare with Campl)eirs table the similar results of Edward8, 

Studie« Biol. Lah., Johns Ilopkitis Univ., July, 1887 ; and thase of 

HiNT, '07, Science, V, 907. 
247, line L"), (hle worda ** l>etween Bonibvx." 
2.")!. Trustworthy observations on organisms in hot springa have lately 

Ikjcii made by Daviš, Science, Julv 30, 1807, and Setciikll, Univer- 

8ity (of California) Chronicle, I, 110-110. 
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EFFECT OF CHEMICAL AND PHVSICAL AOENTS UPON 

PROTOPLASM. 

Svo. Cloth. Priče $2.60, net. 



It is intended to serve as an introduction and guide to the study and 
development of the individual regarded as a complex of processes rather than 
a mere succession of different forms. It brings together under appropriate 
heads the published obscrvations hitherto made on the subject, laying special 
stress upon the results and methods of those investigations which have a 
quaQtitative value. The central idea of the work is that ontogenv is a series 
of reactions to chemical and physical agents. This determines the scope of 
the work, and the division of the effects of agents under the heads •- I. Proto- 
plasmic Movements ; II. Growth; III. Celi Di\ision ; IV. Differentiation. 



'' The thoroughness which characterizes this important trcatise renders it the mott 
uscful annotated l>ibliography of the subject which has appeared. Hut it is far more 
than an expan(ied bibliugraphy. \Vith a good sense of prupurtion, Dr. Davenport 
has placcd at the command of biologists, not merely the results which have already 
l>ecn secured in this fascinating tield, hut he has pointed out certain directions which 
new investigations ought to pursue if thcv are to be fruitful. The sc<iuence of sub- 
jects does not commend itself to us as in ali res{K'cts the I>est, for it appears as if the 
effect of molar agents and of varving moisture upon protoplasm might well precede 
instcad of folIow the action of chemical agents and the molecular forces, but, aside 
from this, one can go with the author along a straight path, until he comes to the 
end of this part now before us; namelv, the action of light and heat upon protoplasm. 
The general considerations of the effects of chemical and ph\*sical agents upon proto- 
plasm. uhich constitutc the closing chapter of this part, are carefullv stated, and 
kept on rclativclv safe ground ; they are at the same time of a distinctlv suggestive 
charactcr, which must aid in carrving out the chicf wish of the author; namelv, the 
stimulation o( further in(|uiries in this attractive and fertile tield. liotanists owe to 
Dr. Davcnport vcrv sincere thanks for the exhaustive manncr in which be bas pre- 
sentcd ihc hotanical side of his subject." — Americati Journal of Science, 

** The material which is discussed has been well digested and is well arranged, 
and the stvle is on the whole clear and concise. The bouk is a readable one, and the 
descriptions and criticisms emploved in experimentation, and the bihliographical lists 
at the conclusion of each chapter, contribute materiallv to the value the book po»- 
sesses for both the morphologist and the phvsiologist. " — Science, 
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